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HIGHWAY  TRAFFIC  ANALYSIS  METHODS  AND  RESULTS 


Reported  by  L.  E.  PEABODY,  Associate  Highway  Economist,  United  States  Bureau  of  Public  Roads 


IN  ALL  but  2  of  the  48  States  at  least  one  highway 
traffic  census  of  some  sort  has  been  taken.  More 
than  half  the  counts  have  been  fairly  complete; 
the  others,  for  various  reasons,  have  been  more  or  less 
ineffectual. 

Where  the  census  has  been  taken  only  on  the  Fourth 
of  July,  Labor  Day,  and  perhaps  one  or  two  additional 
days,  the  data,  even  if  carefully  gathered  and  studied, 
can  be  of  little  value  except  as  representing  maximum 
traffic  or,  when  compared  with  similar  counts  taken  in 
other  years,  as  the  basis  of  an  estimate  of  traffic  growth. 

In  at  least  7  States  the  counts  taken  have  been  nearly 
valueless  by  reason  of  improper  station  location,  failure 
to  classify  the  traffic,  or  other  faults  and  omissions  in 
the  methods  employed. 


Priority  of  improvement  can  be  decided  very  satis- 
factorily upon  the  basis  of  the  present  observed  traffic; 
but  the  development  of  a  plan  of  improvement  which 
will  recognize  and  provide  for  future  traffic  needs  must 
have  as  its  basis  an  estimate  of  future  traffic  density  as 
well  as  a  knowledge  of  the  present  flow.  It  is  in  their 
employment  of  such  projected  data  obtained  by 
methods  of  forecasting  developed  by  the  bureau  that 
the  recent  cooperative  surveys  differ  from  those  made 
previously. 

In  addition  to  these  uses  of  the  census  data  for  pur- 
poses of  broad  planning,  there  are  a  number  of  specific 
problems,  in  dealing  with  which  an  exact  knowledge  of 
traffic  density  and  characteristics  is  of  primary  value. 
Some  of  these  other  uses  of  the  data  are  suggested 


A  Truck-Recording  Station  with  Fixed  Scales 


In  most  cases  the  objects  of  the  counts  have  been 
simply  the  determination  of  the  geographical  distribu- 
tion of  traffic;  the  measurement  of  relative  use  of 
primary,  secondary,  and  third  class  highway  systems; 
or  the  establishment  of  the  fact  and  rate  of  traffic 
growth.  These  are  the  simpler  and  more  obvious  uses 
of  a  traffic  census.  The  recent  surveys  conducted  by 
the  Bureau  of  Public  Roads  in  cooperation  with  the 
highway  departments  of  several  States  have  gone 
much  farther  in  the  direction  of  the  practical  applica- 
tion of  the  census  data  to  the  planning  of  highway 
systems  and  the  development  of  programs  of  improve- 
ment. 

All  States  in  varying  degree  are  faced  with  the  same 
situation — an  insufficiency  of  revenue  to  meet  the  needs 
of  increasing  traffic  as  rapidly  as  they  should  be  met. 
All,  therefore,  have  in  common  two  problems  to  solve: 
(1)  The  setting  up  of  a  plan  of  improvement,  adjusted 
to  the  State's  financial  resources,  which  ultimately  will 
meet  traffic  requirements;  and  (2)  the  establishment  of 
an  order  of  priority  among  the  numerous  improve- 
ments that  must  be  made. 


merely  by  stating  a  few  of  the  more  common  highway 
problems:  (1)  The  establishment  of  a  maintenance 
program  and  expenditures  thereunder;  (2)  whether  to 
pave  or  oil  a  road  on  which  the  existing  surface  is 
of  low  type;  (3)  the  decision  as  to  whether  a  gravel 
surface  has  reached  the  limit  of  economic  use;  (4)  the 
determination  of  the  economy  of  snow  removal;  (5) 
the  necessity  for  special  design  of  highways  near  large 
cities  to  accommodate  truck  traffic  of  high  density  and 
great  weight;  (6)  the  determination  of  the  amounts  of 
foreign  and  tourist  traffic,  a  factor  in  determining  road 
service  and  fixing  of  gasoline  tax  rates;  (7)  the  determi- 
nation of  pavement  widths;  (8)  problems  of  traffic  regu- 
lation and  highway  safety. 

The  list  is  not  exhaustive,  but  i1  is  clear  that  the 
proper  solution  of  each  of  the  problems  mentioned  is 
dependent  upon  a  precise  knowledge  of  the  traffic  to 
be  served.  And  it  is  also  apparent  that  a  variety  of 
facts  concerning  the  traffic  are  required  for  the  solution 
of  the  various  problems. 

For  some  the  data  required  are  those  which  will 
furnish  an  accurate  idea  of  the  flow  of  traffic  throughout 
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the  year ;  others  require  a  knowledge  of  winter,  traffic ; 
others  of  peak  density;  others  of  some  fraction  of  the 
total  traffic,  such  as  motor  trucks,  or  foreign  vehicles, 
etc. 

In  planning  a  traffic  survey  it  is  essential,  therefore, 
that  there  shall  be  a  clear  understanding  of  the  methods 
to  be  employed  in  convertmg  the  basic  data  to  the 
solution  of  the  various  problems.  Otherwise  essential 
data  may  not  be  obtained,  and  much  gathered  that  is 
later  found  to  be  useless.  The  methods  employed  must 
be  carefully  designed  to  supply  a  maximum  of  infor- 
mation, of  precisely  the  kind  required,  at  a  minimum 
of  expense. 


The  discussion  and  recommendations  that  follow, 
based  upon  the  bureau's  experience  with  traffic  surveys 
conducted  in  six  States'  and  in  Cook  County,  111.,  and 
the  regional  area  of  Cleveland,  Ohio,  in  cooperation 
with  the  State  and  local  authorities,  are  presented 
in  the  hope  that  they  may  prove  suggestive  to  others 
who  may  be  called  upon  to  collect  jand  a,nalyze  traffic 
data. 

THE  SELECTION  OF  STATION  LOCATIONS 

It  is  advisable  to  divide  the  territory  into  homogene- 
ous areas  to  provide  a  stable  basis  for  the  computation 

I  Connecticut,  Pennsylvania,  Maine,  Ohio,  New  Hampshire,  and  Vermont. 
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Map  Showing  Average  Daily  Density  of  Motor-Vehicle  Traffic  on  the  State  Highway  System  of  Ohio 
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of  various  transportation  averages — averages  of  trip 
mileage,  weights  of  vehicles,  weights  of  loads,  numbers 
of  vehicles  passing  a  given  point,  etc.  For  example, 
average  weights  of  loads  in  the  neighborhood  of  the 
cement  plants  at  Buffington,  Ind.,  vary  widely  from 
average  weights  of  loads  near  Washington  Court  House, 
Ohio.  Passenger  cars  traveling  over  routes  adjacent  to 
Chicago  during  evening  hours  are  much  greater  in  num- 
ber and  in  proportion  to  the  day's  travel  than  near 
Houlton,  Me.  At  stations  within  the  city  of  Chicago 
from  8  p.  m.  to  midnight  there  pass  about  22  per  cent 
of  the  daj^'s  passenger  cars;  in  Maine  the  corresponding 
percentage  is  a  little  more  than  12.  The  average  length 
of  trip  of  cars  passing  a  station  between  Canton  and 
Massillon,  Ohio,  is  much  shorter  than  the  average  length 
of  trip  during  the  summer  nionths  at  stations  located 
in  northern  New  Hampshire.  Massillon  and  Canton 
are  a  short  distance  from  each  other,  and  much  of  the 
travel  on  the  route  connecting  them  originates  and 
terminates  in  either  city.  Comparison  of  averages 
between  two  areas  have  meaning  only  when  there  is 
reasonable  homogeneity  in  each.  If,  for  example,  aver- 
age weights  of  loads  are  being  compared  for  two  areas, 
neither  area  shovdd  contain  much  admixture  of  indus- 
trial and  agricultural  sections.  It  is  best  to  put  all  the 
agricultural  sections  into  one  area  and  all  the  industrial 
sections  into  another.  Comparison  of  net  loads  may  then 
be  made  as  between  agricultural  and  industrial  regions. 

The  selection  of  station  locations  is  afi'ected  con- 
siderably by  the  character  of  the  data  to  be  secured 
and  the  objectives  of  the  survey.  If  the  primary  ob- 
jective is  that  of  measuring  annual  use  of  various  road 
systems — i.  e.,  Federal-aid  routes.  United  States  high- 
way routes,  State  routes,  county  routes,  etc. — stations 
must  be  so  located  as  to  provide  a  representative  sample 
of  traffic  upon  each.  If  the  coniparison  is  between 
sections  of  the  State,  each  section  must  be  assigned  a 
number  of  stations  sufficiently  large  to  give  a  fair 
sample  If  it  is  desired  to  measure  the  average  lengths 
of  trip,  stations  should  be  located  so  as  to  get  lengths 
of  trip  near  large  cities,  in  agricultural  areas,  and  in 
summer-resort  areas.  The  average  trip  length  may 
vary  as  between  interconnecting  routes — viz,  United 
States  highways  and  county  routes. 

Measurement  of  the  use  of  highway  systems  by 
"foreign"  (out  of  State)  cars  is  often  an  objective  of 
the  survey.  In  this  case  stations  should  be  located  so 
that  traffic  is  measured  both  at  State  borders  and  in 
the  interior.  "Foreign"  traffic  near  State  borders  is 
frequently  more  than  50  per  cent  of  the  total  traffic. 
In  States  that  are  largely  sumnier-resort  territory,  like 
New  Hampshire  and  Vermont,  "foreign"  traffic  is  close 
to  50  per  cent  for  the  whole  State. 

If  relocations  or  reconstruction  are  to  be  based  upon 
traffic  data,  stations  should  be  very  carefully  located 
and  with  as  much  preliminary  knowledge  of  traffic  con- 
ditions as  possible.  For  example,  if  two  alternate 
routes  of  different  length  between  two  cities  exist,  one 
in  good  condition  and  one  in  poor  condition,  stations 
should  be  placed  upon  each  route  and  the  origin  and 
destination  of  vehicles  ascertained.  This  will  usually 
disclose  that  improvement  or  relocation  of  one  of  the 
routes  will  result  in  its  exclusive  use  except  for  purely 
local  travel.  The  arguments  relating  to  the  selection 
of  homogeneous  areas  apply  in  part  to  the  problem 
of  station  location.  The  variability  in  traffic  is  con- 
siderably different  in  urban  and  rural  areas,  and  sta- 


tions should  be  so  located  as  to  measure  accurateh' 
these  differences.  Usually  this  may  be  done  by  desig- 
nating as  "urban"  those  areas  within  10  miles  of  the 
larger  cities,  and  considerhig  all  other  territory  as 
"rural."  A  check  up  as  the  traffic  analysis  proceeds 
will  determine  whethei-  the  division  l)etween  urban 
and  rural  has  been  nuide  correctly. 

Key  stations  are  those  at  which  traffi(;  information  is 
most  important.  They  are  usually  located  at  the  inter- 
sections of  all  main  routes,  and  the  information  ob- 
tained at  them  should  be  the  most  complete  from  the 
standpoint  of  the  amount  and  detail  of  the  data  secured, 
and  from  the  standpoint  of  duration  of  observation. 
Blanket-count  stations  are  those  at  which  only  the 
most  important  data  are  taken  (viz,  number  of  vehicles) 
and  which  may  be  operated  by  inexperienced  personnel. 
These  stations  are  usually  operated  a  smaller  number  of 
times  and  are  located  upon  the  relatively  uniniportant 
routes,  or  at  intermediate  points  between  key  stations 
on  the  main  routes  whei'e  a  closer  measure  of  variability 
in  traffic  density  is  desired. 


J     Oft,. 
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Measuring  Truck  Tikes  at  a  Truck-Recordi.vg  Station 

The  key  stations  are  divided  into  two  classes— 
w^eight  stations  and  recording  stations.  Examination 
of  the  forms  accomi)anying  this  text  will  disclose  the 
differences  in  the  types  of  information  secured  at  each. 
The  main  difference  is  that  at  weight  stations  trucks 
are  actually  weighed  on  loadometer  or  pit  scales. 

The  number  and  location  of  weight  stations  are 
governed  by  many  considerations,  such  as  variations 
in  loading  practices,  care  to  secure  representative 
samples,  the  desire  to  measure  the  extent  of  overload- 
ing, the  greater  expense  of  operation  of  a  weight  party, 
the  availability  of  scales,  if  pit  scales  are  used,  the 
interruption  and  delay  of  traffic  by  reason  of  stoppage 
for  weighing,  and  the  physical  surroundings.  Taking 
these  in  order:  If  a  comparison  of  loads  between 
industrial  and  agricultural  areas  is  desired,  a  sufKcient 
number  of  stations  must  be  maintained  in  each  area. 
If  overloading  is  prevalent,  stations  should  be  located 
so  as  to  produce  the  facts.  The  greater  expense  in 
weight-station  operation  results  from  the  necessity  of 
operating  such  stations  with  a  greater  number  of  per- 
sonnel per  party.  At  weight  stations  the  amount  of 
information  to  be  gotten  is  great,  trucks  must  be 
halted  and  weigheil,  and  more  experienced  men  are 
required.  If  pit  scales  are  to  be  used  in  weighing 
trucks,  the  stations  must  be  located  at  points  where 
such  scales  have  been  installed.  Experience  indicates 
that  the  portable  loadometer  scales  produce  as  good 
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results,  are  less  expensive  to  operate,  and  give  the 
advantage  of  flexibility  in  the  selection  of  weight  sta- 
tion locations.  Interruptions  and  delays  to  traffic  are 
also  a  prime  factor  in  locating  weight  stations.  If  the 
number  of  trucks  is  large,  there  will  be  a  long  line  of 
waiting  trucks.  Truck  operators  become  impatient 
and  leave  the  station  before  information  can  be  secured. 
Finally,  it  is  necessary  that  the  location  will  provide 
sufficient  space  at  the  side  of  the  right-of-way  to  permit 
the  instalhng  of  scale  approaches,  the  maneuvering  of 
trucks,  and  space  for  waiting  vehicles. 

Data  secured  at  recording  stations  cover  the  same 
subjects  as  at  weight  stations,  except  that  no  trucks  are 
weighed.  Passenger-car  data  forms,  similar  to  the  one 
shown,  are  filled  out  at  both  weight  and  recording 
stations. 

The  key  stations — both  weight  and  recording — should 
be  allocated  upon  primary,  secondary,  and  third-class 
highway  systems  in  accordance  with  the  importance  of 
these  systems;  and  the  same  rule  should  govern  the 
allocation  of  blanket-count  stations.  Complete  and 
accurate  descriptions  of  station  locations  should  be 
placed  in  the  hands  of  the  survey  parties,  and  copies 
should  be  filed  at  headquarters. 

The  distance  between  stations  is  governed  largely 
by  the  shape  of  the  highway  network.  Junctions 
should  be  covered  as  completely  as  possible,  and  dis- 
tance between  key  stations  should  rarely  exceed  20 
or  25  miles,  otherwise  some  cars  will  not  be  picked  up. 

SCHEDUUNG  THE  STATION  COUNTS 

Schedules  of  station  operation  should  provide  for 
more  frequent  operation  at  key  stations  and,  as  ex- 
plained more  fully  later  in  this  paper,  should  furnish 
information  as  to  variability  of  traffic  throughout  the 
year.  Best  results  will  be  obtained  when  the  schedule 
of  key-station  operation  is  elastic  enough  to  cover  peak- 
traffic  and  minimum-traffic  periods.  Representative 
samples  of  traffic  in  urban  and  rural  areas  are  required. 
The  number  of  counts  at  a  station  must  be  great  enough 
to  provide  accuracy,  and  night  operations  should  be 
in  the  ratio  of  at  least  one  to  five  day  operations.  Day 
and  night  counts  should  be  of  12  hours  duration,  begin- 
ning and  ending  usually  at  6  a.  m.  and  6  p.  m.  Satis- 
factory results  are  not  likely  to  be  obtained  from  counts 
on  three  or  four  days  distributed  throughout  the  year. 
A  count  taken  1  week  day,  1  Saturday,  and  1  Sunday 
at  intervals  of  3  months  will  give  results  accurate 
enough  for  many  purposes,  although  a  schedule  provid- 
ing for  operation  of  key  stations  every  13  days  is  much 
to  be  preferred.  Information  at  a  large  number  of 
"blanket-count"  stations  operated  but  two  or  three 
days  per  year  may  be  readily  tied  in  with  the  more 
complete  results  of  key-station  operation. 

Two  mistakes  in  scheduling  party  operations  at  key 
stations  should  be  guarded  against:  (1)  Selecting  for 
operation  on  successive  days  stations  that  are  located 
too  far  apart  (30  to  50  miles  is  suggested  as  a  limit) ;  and 
(2),  simultaneous  operation  of  two  stations  so  close  to- 
gether that  there  is  danger  of  taking  data  from  the  same 
vehicle  twice  on  a  single  trip.  The  first  error  results  in 
parties  reaching  the  station  later  than  scheduled,  or 
reaching  the  station  without  sufficient  rest.  The  second 
error  is  more  serious  on  main  routes  and,  if  it  occurs, 
tends  to  distort  the  results,  particularly  for  average  trip 
mileage  per  vehicle.  Since  density  information  only  is 
normally  recorded  at  blanket-count  stations,  the  warn- 
ings just  given  do  not  apply. 


THE  FIELD  PERSONNEL 

Personnel  required  varies  with  the  number  of  vehicles 
passing  the  stations  and  the  amount  of  information 
taken.  Weight  parties  may  require  6  to  8  men  at 
heaviest  stations;  2  men  at  light  stations.  Blanket- 
count  stations  may  usually  be  operated  by  one  man, 
unless  traffic  is  heavy  and  the  station  is  located  at  an 
intersection,  in  which  case  one  man  must  be  assigned  to 
each  route.  It  is  best  to  assign  at  least  two  men  for 
night  operations.  In  winter  one  man  will  occupy  con- 
siderable of  his  time  maintaining  a  fire,  seeing  that  red 
lanterns  are  placed  properly  and  are  burning,  etc. 

Where  the  number  of  vehicles  to  be  coimted  is  great, 
a  large  corps  of  observers  is  required.  The  key  stations 
should  be  operated  by  trained  observers;  volunteers 
may  be  used  at  the  blanket-count  stations.  The  work 
of  volunteer  observers  is  much  less  sustained,  less  accu- 
rate, and  generally  less  satisfactory  than  that  of  the 
trained  observer,  although  much  benefit  has  been 
secured  from  the  assistance  of  Boy  Scout  and  similar 
organizations. 

CHARACTER  OF  THE  TRAFFIC  DATA 

The  amount  of  detail  in  collection  of  the  traffic  data 
depends  upon  the  results  sought.  Vehicles  should  cer- 
tainly be  separated  into  passenger  cars,  trucks,  busses, 
and  horse-drawn.  Foreign  vehicles  should  be  tabulated 
separately,  and  the  separation  of  trucks  by  capacity 
classes  is  very  desirable.  Weather  conditions,  date, 
and  hours  of  operation  should  be  noted. 

Other  less  important  information  that  may  be  col- 
lected includes,  for  passenger  cars:  Number  of  passen- 
gers, city  or  farm  ownership,  purpose  of  trip  (whether 
for  business  or  pleasure),  origin  and  destination;  for 
trucks:  Make,  capacity,  bod}"  type,  origin  and  destina- 
tion, commodity,  weight  (loaded  and  empty). 

Sheets  containing  the  data  secured  in  the  field  should 
be  signed  by  the  party  chief,  who  is  held  strictly 
accountable  for  their  accuracy,  and  forwarded  daily  to 
headquarters  for  analysis.  At  headquarters  they  arc 
received  by  the  official  in  charge  of  traffic  information. 
This  official  is  responsible  for  the  operation  of  stations 
according  to  schedule,  for  the  completeness  of  the 
data,  and  for  its  analysis. 

The  analysis  is  greatly  facilitated  by  the  use  of  punch- 
ing and  tabulating  machines.  Codes  are  assigned  for 
each  type  of  data,  which  is  punched  on  tabulating  cards 
similar  to  that  shown.  The  tabulating  machines  pro- 
vide for  the  rapid  and  economical  analysis  of  each  type 
of  information  at  each  station,  for  any  area,  any  season 
of  the  year,  any  type  of  vehicle,  etc.  Analysis  of  data 
for  individual  stations  should  be  so  planned  that  the 
results  may  be  properly  combined  with  those  of  other 
stations  to  give  homogeneous  samples  for  any  route, 
any  section  of  the  State,  or  the  whole  State.  Failure 
to  observe  this  provision  frequently  produces  results 
that  are  incorrect,  difficult  to  interpret,  or  misleading, 
and  usually  results  in  loss  of  time. 

FACTORS  AFFECTING  TRAFFIC  DENSITY 

The  major  factors  aft'ecting  the  number  of  vehicles 
counted  during  the  operation  of  a  station  are:  (1)  The 
hours,  (2)  the  day,  and  (3)  the  month  in  which  the 
count  is  taken;  (4)  weather  conditions;  (5)  detoured 
traffic  from  a  natural  route  due  to  construction  or  other 
reasons;  (6)  holidays,  foot-ball  games,  fairs,  or  other 
social   events    attracting   unusual   traffic.     Of  the  six 
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factors  enumerated,  the  first  three  are  normally  of 
greatest  importance  in  determining  average  daily  traffic 
density  throughout  tlio  year. 

One  of  the  primary  factors  in  determining  the  average 
annual  density  of  motor  vehicles  at  a  given  location  is 
that  of  the  variation  in  the  numher  of  vehicles  passing 
during  the  24  hours  of  tlie  day.  Accuracy  of  the  density 
figures  is  considerably  improved  if  most  of  the  observa- 
tions are  made  during  the  hours  of  heaviest  traffic. 
The  counts  already  made  by  the  Bureau  of  Public 
Roads  indicate  roughly  the  general  laws  of  traffic  flow- 
in  various  sections  of  the  United  States;  and  these  will 
be  helpful  to  others  in  planning  their  surveys. 

Four  to  5  p.  In.  is  the  peak  hour  for  trucks  in  Cali- 
fornia, both  in  summer  and  winter.  Ten  and  three- 
tenths  per  cent  of  the  total  daily  number  of  trucks  pass 
at  that  hour  in  summer,  as  compared  with  8.3  per 
cent  at  the  same  hour  in  winter.  At  the  peak  hour  in 
southeastern  Pennsylvania — 10  a.  m.  to  11  a.  m.  in 
winter — 8.9  percent  of  the  trucks  were  observed;  in  sum- 
mer the  peak  came  from  8  a.  m.  to  9  a.  m.,  when  8.8  per 
cent  of  the  trucks  were  observed.  Between  8  p.  m.  and  6 
a.  m.  about  as  many  trucks  are  observed  as  in  the  peak 
hour.  In  winter-diuing  these  hours  7  per  cent  pass  in 
Pennsylvania  and  9  per  cent  in  California.  In  summer 
13  per  cent  are  observed  in  Pennsylvania  and  10  per 
cent  in  California.  The  greater  divergence  between 
winter  and  summer  in  Pennsylvania  indicates  the  eftect 
of  the  unfavorable  winter  climate  upon  night  trucldng. 

In  both  Connecticut  and  Pennsylvania  the  peak  hour 
for  passenger  cars  in  summer  is  4  to  5  p.  m.,  and  at  5 
to  6  p.m.  in  winter.  The  percentage  of  night  travel  (8 
p.  m.  to  6  a.  m.)  is  considerably  heavier  for  passenger 
cars  than  for  trucks.  In  Connecticut,  night  ti'avel  is 
about  25  per  cent  of  the  total  for  the  day,  while  in 
Pennsylvania  it  is  19  per  cent  in  winter  and  21  per 
cent  in  summer.  These  percentages  are  averages  for  a 
region  and  will  not  apply  for  all  locations. 

Sunday  is,  probably  universally,  the  day  of  heaviest 
passenger-car  traffic.  In  Connecticut  Sunday  is  65  per 
cent  higher  in  passenger-car  traffic  than  the  average 
day  of  the  week;  in  Pennsylvania  Sunday  traffic  is  88  per 
cent  higher  than  that  of  the  average  day.  Truck  traffic  is 
lightest  on  Sunday.  It  averages  17  per  cent  of  the  aver- 
age day  in  Pennsylvania  and  60  per  cent  in  California. 
Trucks  are  appro.ximately  10  per  cent  of  total  vehicles 
in  California  and  16  per  cent  in  Connecticut. 


ANALYSIS  OF  DATA  ILLUSTRATED  BY  EXAMPLE 

a 

These  examples  of  differences  in  the  rate  of  traffic 
flow  are  not  exceptional;  indeed,  more  extreme  cases 
might  be  cited.  But  they  give  a  picture  of  the  high 
variability  in  traffic  fluctuation  between  different  sec- 
tions of  the  country.  In  the  problem  of  traffic  analysis 
it  is  necessary  to  limit  the  area  studied  to  units  at  least 
as  small  as  a  State.  Normally  it  is  well  to  break  down 
into  much  smaller  units.  As  stated  previously,  homo- 
geneous areas  are  to  be  desired;  and  as  an  example  for 
detailed  analysis,  passenger  car  density  at  112  urban 
stations  in  the  State  of  Ohio  will  be  taken. 

Urban  stations  were  those  located  within  10  miles  of 
the  limits  of  a  city  with  a  population  of  25,000  or  more. 
Winter  operations  (December  to  May)  and  summer  oper- 
ations (June  to  November)  for  periods  of  the  24-hour 
day  are  stated  separately  in  Table  1.  Figure  1  shows 
the    data   graphically  for  the   December-May  period. 

The  hours  stated  in  Table  1,  i.  e.,  "6  a.  m.  to  io  a.  m.," 
mean  traffic  observed  from  6  a.  m.  up  to,  but  not  in- 
cluding, 10  a.  m.  The  winter  period  includes  both 
December  and  May;  the  summer  period  includes  both 
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Figure']. — Hourly  Variation  in  Passenger-Car  Traffic 
AT  Urban  Stations  in  Ohio,  December  to  May 
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June  and  November.  Summer  passenger-car  traffic,  as 
the  table  shows,  is  much  greater  than  winter  traffic.  The 
traffic  in  winter  is  but  56  per  cent  of  that  in  the  summer 
on  week  days,  53  per  cent  on  Saturdays,  and  46  per  cent 
on  Sundays.  The  light  traffic  on  Sunday  mornings  is 
shown  by  a  comparison  of  the  percentage  of  the  total 
daily  traffic  by  days  of  the  week  for  the  6  a.  m.  to  10 
a.  m.  period.  On  week  days  in  winter  18.8  per  cent  of 
the  total  day's  traffic  moves  within  these  hours;  on  Sat- 
urday, 13.6  per  cent;  on  Sunday,  but  5.5  per  cent. 
Sunday  afternoon  in  summer  between  4  p.  m.  and  8 
p.  m.  traffic  is  heaviest,  averaging  580  cars  per  hour  at 
these  112  stations,  or  more  than  10  per  cent  per  hour 
of  the  total  Sunday  traffic.  Traffic  in  Ohio  was  not 
taken  by  individual  hours  but  by  the  periods  shown  in 
Table  1.  As  a  result,  hourly  vaiiation  can  not  be  shown 
directly,  but  hourly  variation  will  be  taken  up  in  detail 
in  the  discussion  of  results  in  other  States. 

Traffic  variation  at  urban  stations  by  days  of  the 
w^eek  is  presented  in  Table  2  and  Figure  2.  The  data 
are  given  as  the  number  of  passenger  cars  per  day  and 
as  a  ratio  to  the  average  day  of  the  week. 

Table   1. — Hourly  variation  in  passenger-car  traffic,  112    urban 
stations,  Ohio 

NUMBER  OF  CARS 


December-May 

June-November 

6  a.  m.  to 
10  a.  m. 

10  a.  m.  to 
4  p.  m. 

o 
is 

.  a 

O.Q0 

o 

0.«5 
00 

o 

(SO 

o 
.  o. 

ftoo 

o 

.  CB 
00 

CO  o 

Week  day. 

Saturday 

Sunday 

251  '     447 
241       670 
144    1,027 

433 

530 

1,089 

204 
337 

348 

1,335 

1,778 
2,608 

406 
491 
449 

681 
1,137 
1,898 

744 

914 

2,318 

561 

804 

1,005 

2,392 
3,346 
5,670 

PER  CENT  OF  24-HOUR  DAY 


Weekday 18.8 

Saturday... 13.6 

Sunday ]    5.5 


33.5 
37.7 
39.4 


32.4 
29.8 
41.8 


15.3 
18.9 
13.3 


100.0 
100.0 
100.0 


17.0 
14.7 
7.9 


28.5 
34.0 
33.5 


31.1 

27.3 
40.9 


23.4 
24.0 

17.7 


100.0 
100.0 
100.0 


Table  2. — Daily  variation  in  passenger-car  traffic,  112 
stations,  Ohio 

[Average  day  =  100  per  cent] 


rban 


Day 


Monday 

Tuesday... 
Wednesday 
Thursday.. 

Friday 

Saturday.. 
Sunday 


Number 
of  cars 

Index 

Per  cent 

43,  554 

84.6 

41,  673 

81.0 

41,  764 

81.2 

42, 151 

81.9 

42,230 

82.1 

56,  459 

109.7 

92,  328 

179.4 

The  days  from  Monday  to  Friday  show  little  varia- 
tion, traffic  for  all  being  a  little  above  80  per  cent  of 
that  of  the  average  day.  Saturday  traffic  is  about  10 
per  cent  higher  than  that  of  the  average  day,  while 
Sunday  traffic  is  nearly  80  per  cent  greater  than  that 
of  the  average  day.  The  reason  for  relating  the  day's 
traffic  to  that  of  the  average  day  will  be  apparent  as 
the  analysis  proceeds.  One  obvious  advantage  in  so 
stating  traffic  is  that  it  permits  easy  comparison  of 
rates  of  traffic  flow  in  areas  with  widely  differing  num- 
bers of  vehicles. 
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Figure  2. — Daily  Vari.^tion  in  Passenger-Car  Traffic 
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Figure  3. — Seasonal  Variation  in  Passenger-Car 
Traffic  at  Urban  Stations  in  Ohio 

Table  3. — Seasonal  variation  in  passenger-car  traffic,  112  urban 
stations,  Ohio 

[Average  month=100  per  cent] 


,                          1 

AVERAGE.^ 

n 



— 

Month 


January... 
February.. 

March 

April 

May 

June 

July 

August 

September 

October 

November. 
December. 


Number 
of  cars 


Index 


17,100 
21, 176 
25, 338 
29,355 

32, 866 
36,  325 
38, 829 
44,551 

37, 458 
34,  547 
29, 138 
22,  940 


Per  cent 
55.5 
68.7 
82.4 
95.3 

106.  7 
117.9 
126.1 
144.6 

J2I.6 
112.  I 
94.6 
74.5 


Seasonal  variation  in  passenger-car  traffic  at  urban 
stations  in  terms  of  passenger  cars  per  month  and  as 
a  ratio  to  the  average  month  is  shown  in  Table  3  and 
Figure  3. 

As  shown  by  this  table,  traffic  increases  from  a  low 
of  56  per  cent  of  the  average  month  in  January  to  a 
maximiun  of  145  per  cent  of  the  average  mouth  in 
August.  These  figures  differ  from  measurements  in 
rural  areas,  and  this  phase  of  the  analysis  will  be  dis- 
cussed later. 
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HOW  STATION  AVERAGES  ARE  OBTAINED 

Having  obtained  measures  of  the  principal  factors 
affecting  passenger  car  traffic  flow  in  urban  areas,  we 
are  in  position  to  apply  these  factors  to  traffic  observed 
at  individual  stations.  Passenger-car  traffic  observed 
at  station  313  and  the  corrections  for  hourly,  daily,  and 
seasonal  variation  are  tabulated  in  Table  4.  This  sta- 
tion is  between  Mansfield  and  Lexington,  Ohio,  on 
United  States  Route  42.  The  date,  day,  and  hours  of 
observation  are  stated  in  the  first  three  columns;  the 
number  of  passenger  cars  observed  in  the  fourth  column. 

Table  4. — Passenger-car  density,  slaiion  313,  Ohio 


Date 


Dec.  15.. 
Jan. 16.- 
Feb.  14-. 

Mar.  17. 
Apr.  15.. 
May  17.. 

June  13.. 
July  14.. 
Aug.  1.3.. 

Sept.  14- 
Oct.  15, . 
Nov.  11. 


Day 


Monday. . 

Friday 

Saturday. 


Tuesday 

Wednesday. 
Sunday 


Saturday.- 
Tuesday. . 
Thursday. 


Monday 

Thursday... 
Wednesday. 


Total. 

Average  for  year. 


6-4 
10-8 
6-4 

10-8 
6-4 
10-8 

6-4 
10-8 
6-t 

10-8 
6-4 
10-8 


Observed 


455 
533 
544 

542 

514 

1,619 

1,119 
863 
783 

971 
630 


Corrected  to — 


24-honr     Average     Average 
Zi  nour     ^^^^  jjjy     month 


870 

809 

1,062 

822 

983 

2.178 

2,300 
1,448 
1,723 

1,629 
1,  .387 
1,508 


1,028 
985 


1.015 
1,212 
1,213 

2,098 
1,788 
2.104 

1,925 
1,694 
1,  8.59 


1,380 
1,  775 
1,411 

1,  232 
1,271 
1,137 

1,779 
1.418 
1,  4,56 

1,.582 
1,511 
1,  965 

17,917 
1,493 


In  the  fifth  column  the  observed  passenger  cars  are 
raised  to  a  24-hour  basis.  From  Table  1  the  percentage 
of  the  24-hour  day  from  6  a.  m.  to  4  p.  m.  on  week  days 
is  18.8  +  33.5,  or  52.3.  The  observed  passenger  cars  on 
December  15  are  455,  and  dividing  by  0.523,  the  24- 
hour  figure  of  870  is  obtained.  On  February  14  the 
observed  passenger  cars  totaled  544.  The  percentage  of 
24-hour  traffic  from  Table  1  for  Saturdays,  6  a.  m.  to 
4  p.  m.,  is  13.6  +  37.7,  or  51.3.  Dividing  by  0.513  the 
24-hour  figure  of  1,062  is  obtained.  The  number  of 
decimal  points  actually  carried  in  the  analysis  was 
beyond  that  shown  in  Table  1,  with  resulting  dift'er- 
ences  of  one  or  two  vehicles. 
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In  column  six  the  24-hour  figures  are  corrected  for 
daily  variation.  (Table  2.)  The  24-hour  figure  of  870 
for  Monday,  December  15,  obtained  as  explained  in  the 
preceding  paragraph,  is  divided  by  0.846,  the  ratio  of 
Monday  to  an  average  day,  with  a  resultant  figure  of 
1,028  passenger  cars.  The  24-hour  figure  of  1,062  for 
Saturday,  February  14,  is  divided  by  1.097,  the  ratio  of 
wSaturday  to  an  average  day,  with  a  resultant  figure  of 
969  passenger  cars. 

Finally,  the  figures  obtained  as  explained  in  the  pre- 
ceding paragraph  are  divided  by  their  seasonal  factors 
(Table  3);  1,028-0.745  =  1,380;  969-^0.687  =  1,411. 
Thus,  1,380  and  1,411  are  each  a  measure  of  the  proba- 
ble number  of  passenger  cars  passing  station  313  during 
24  hours  of  an  average  day  of  the  year.  Each  observa- 
tion establishes  such  a  figure.  There  remains  a  certain 
amount  of  variation  due  to  factors  immeasured  or  not 
completely  measured  in  the  analysis.  The  mean  of 
these  "probable  densities"  is  1,493,  the  best  measure  of 
the  number  of  passenger  cars  passing  station  313  during 
24  hours  of  an  average  day  of  the  year. 

ACCURACY  IMPROVED  BY  ANALYSIS 

The  improvement  in  accuracy  resulting  from  the 
analysis  can  be  measured  in  several  ways.  As  an 
example,  take  the  two  Monday  operations  at  station 
313.  On  the  first  Monday,  December  15,  the  station 
was  operated  from  6  a.  m.  to  4  p.  m.,  with  455  passenger 
cars  observed.  On  the  second  Monday,  September  14, 
971  cars  were  observed  from  10  a.  m.  to  8  p.  m.  The 
number  of  cars  observed  on  the  second  Monday  was  113 
per  cent  greater  than  the  number  observed  on  the  first 
Monday.  The  final  densities  for  these  two  Mondays 
are  1,380  and  1,582,  a  variation  of  less  than  15  per  cent. 
The  results  are  much  the  same  when  the  two  Saturday 
observations,  February  14  and  June  13,  are  compared. 
A  complete  comparison  of  results  is  given  in  Table  5. 
Figure  4  shows  the  same  data  graphically.  In  this 
table  are  computed  the  range  in  observed  and  corrected 
traffic  and  the  raiige  in  percentage  of  the  mean. 

Table  5. — Analysis  of  passenger-car  data,  station  313,  Ohio 


Type  of  data 

Range 

Number 

of 
vehicles 
in  range 

Mean 

Range 
in  per- 
centage 
of  mean 

Observed .  

455-1,619 

809-2, 300 

969-2, 104 

1, 137-1,  965 

1,164 

1,491 

1,135 

828 

797 
1,393 
1,491 
1,493 

Per  cent 
146 

Computed  24  hour 

107 

Average  week  day 

76 

Average  month  ' 

55 

'  If  the  Nov.  11  observation  be  omitted,  the  range  in  percentage  of  the  mean  for  the 
final  correction  is  but  44. 

Table  6. — Comparison    of   the   results    of   operation    by    density 
party  and  by  traffic  survey  party  in  Vermont 


Fir.uRE  4. — Graphical  Repre.sentation  of  Data  Shown 
IN  Table  5 


Average  motor- 
vehicle  density 

Station  No. 

Average  motor- 
vehicle  density 

station  No. 

Density- 
party 
operation 

Staggered- 

count 
operation 

Density- 
party 
operation 

Staggered- 

count 
operation 

Is 

2,319 
861 
3,039 
1,347 
1,832 
538 
2,826 
1,541 
1,462 
1,121 

1,898 
729 
2,576 
1,277 
1,755 
524 
2,294 
1,134 
1,284 
1,203 

369 

84 

444 

1,151 
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Broadly  stated,  the  results  of  the  analysis  are  to  raise 
the  mean  from  797  to  1,493  and  to  decrease  the  dis- 
persion from  146  per  cent  to  55  per  cent,  with  a  final 
density  tliat  is  much  more  stable  and  less  affected  by 
chance  variation.  Such  chance  variations  are  caused  by 
poor  weather  conditions  duiins;  an  observation  period, 
the  occm-rence  of  fairs  and  foot  ball  ^ames,  abnor- 
mal traffic  because  of  detours,  bigli  truck  density  due 
to  near-by  construction  projects,  even  a  big  funeral 
at  stations  where  traffic  is  normally  light.  De*^oc- 
tion  of  chance  variation  in  the  observed  data  is  virtually 
impossible  because  such  variation  is  smothered  by  the 
normal  hourly,  daily,  and  seasonal  variations.  Detec- 
tion of  chance  variation  in  the  corrected  data  is  not 
difficidt  when  local  conditions  arc  known.  In  comput- 
in_(i;  final  densities,  clearly  abnormal  trafhc  observations 
sliould  bo  rejected. 

Another  check  upon  the  accuracy  of  the  results  is 
obtained  by  computing  from  the  data  of  Tables  2  and 
3  the  maximum  daily  traffic  at  the  105  stations  that 
were  operated  on  Sunday  in  either  July,  August,  or 
September.  The  computed  density  for  an  August 
Sunday  at  these  stations  totaled  242,028  vehicles. 
Reference  to  the  observed  traffic  showed  that  281,594 
vehicles  were  actually  recorded  on  the  maximum  days. 
Thus,  the  computed  figures  are  conservative,  being 
exceeded  by  the  observed  maximum  vehicles  by  about 
16  per  cent.  The  measurement  of  traffic  variation 
permits  the  computation  of  maximum  traffic  at  stations 
where  no  observation  was  scheduled  during  the  period 
of  maximum  traffic.  Obviously  not  all  stations  could 
be  operated  at  their  periods  of  maximum  traffic  except 
at  great  expense. 

OTHER  METHODS  OF  CHECKING  ANALYSIS 

Still  another  check  resulted  from  the  manner  of 
scheduling  pai'ty  operations  in  Vermont  In  that  State 
the  survey  was  for  a  period  of  but  three  months.  Two 
observations  per  month  were  made  at  each  station.  In 
addition  to  these  observations  a  "density  party" 
counted  vehicles  for  an  entire  week  at  certain  stations. 
The  final  densities  computed  in  once  case  from  the 
'  density-party"  counts  and  in  the  second  case  from 
the  usual  staggered  operation  extending  throughout 
the  three  months  are  tabulated  by  stations  in  Table  (i. 
Taking  into  account  the  relatively  light  traffic  at  most 
of  tliese  stations,  with  consequent  high  variation  during 
short  periods  of  observation,  the  agreement  in  final 
density  is  good. 

A  check  may  be  made  upon  the  method  of  securing 
hourly  variation  by  the  use  of  complete  24-hour 
counts — i.  e.,  by  combining  night  and  day  observations 
in  all  cases  where  a  day  operation  is  followed  or  preceded 
by  a  night  operation.  Table  7  compares  the  results  of 
the  two  methods  used  in  Pennsylvania,  where  traffic 
was  recorded  l)y  hours  instead  of  by  totals  for  parts  of 
the  day.  In  column  two,  Table  7,  the  variation  in 
hourly  flow  of  traffic  is  taken  from  the  staggered 
operation,  while  in  column  throe  the  results  of  over  100 
complete  24-hour  cycles  are  tabulated.  The  results 
are  shown  graphically  in  Figure  5,  in  which  the  close 
correspondence  in  results  may  readily  be  seen. 

There  were  12  observation  periods  of  10  hours  each 
at  Ohio  station  313,  but  the  foregoing  checks  upon  the 
method  indicate  that  it  may  l)e  used  in  cases  where  the 
time  of  the  period  of  observation  is  much  shorter.  For 
instance,  at  station  388,  located  on  United  States  route 
20  in  North  Kingsville,  Ohio,  at  the  intersection  with 
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Tablk  7. — Hnvrly  mrinlinn  in  truck  traffic,  division  I,  Pcnnfii/l- 

vania 

[Avcrat'O  hour  in  each  case  =  100  per  cent] 


Hour 


1-2  a.  m.. 
2-3  a.m.. 
3-4  a.  m.. 
4-5  a.  m . . 
.S-e  a.  m .  - 
6-7  a.  m  - . 
7-8  a.  m .  . 
8-9  a.  Dl._ 
9-10  a.  in  - 
10-11  a.  ni 
11-12  a.  m 
12-1  p.  m 


Staggpreii- 

24-h(iur 

COllIlt 

cycle  c)[)- 
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Per  cent 

Per  cent 

12 

12 

14 

11 

22 

21 

31 

32  ■ 

(iO 

.'■>(; 

119 

i2r) 

174 

170 

180 

189 

19fi 

I8r, 

204 

19,5 

188 

173 

17.i 

179 

Hour 


1-2  p.  m  _ 
2-3  p.m.. 
3-4  p.  m_. 
4-5  p.  m.. 
.5-6  p.  m.. 
0-7  p.  m  - . 
7-8  p.  m_. 
8-9  p.  m._ 
9-10  p.  m. 
10-11  p.  m 
11-12  p.  ra 
12-1  a.  m_ 


StaKKcrod- 

count 
oporaliou 


Per  cent 
18fi 
185 
189 
1,57 
111 
70 
45 
20 
24 
15 
13 
11 


24-hoiir 
cycle  np- 
crat  ion 


Per  cent 

197 

1S2 

IHti 

His 

121 

05 

45 

20 

23 

10 

15 

12 


BASED  ON  STAGGERED  COUNT 

99C\ 

ACTUAL  COUNT  24-HOUR  CYCLES 

zoo 

180 

,-/ 

••-V 

y 

v 

160 

— 

\\ 
\\ 

140 

// 
// 

— ■ 

\l 

120 
100 
80 

If 

\ 

1 

n 
f 

> 

1 

\ 

\ 

40 
20 

/ 

\ 

k 

/ 

\. 

n 

"^ 

^ 

" 

AM  P,M 

Figure  5. — Hourly  Variation  in  Truck  Traffic,  Division 
],  Pennsylvania 

a  county  road,  the  observation  period  was  for  but  six 
hours,  10  a.  m.  to  4  p.  m.  on  Monday,  April  13.  This 
station  was  operated  by  Boy  Scouts  as  a  blanket-count 
station  and  was  supposed  to  have  l)een  operated  on 
April  13,  July  18,  and  October  17.  For  some  reason 
the  latter  two  operations  were  not  made.  During  the 
six  hours  on  April  13  there  passed  620  passenger  cars 
and  94  trucks  traveling  west  on  United  States  route  20. 
If  the  factors  explained  in  the  foregoing  analysis  are 
applied,  the  average  annual  density  at  station  388 
(west)  becomes  2,213  passenger  cars  and  1?^0  trucks, 
a  total  of  2,393  motor  ^■(^hicles.  Station  4  was  opei-a.tod 
for  twelve  10-hour  periods  throughout  the  year  and  is 
located  about  3  miles  west  of  station  388  on  United 
States  route  20.  There  are  no  important  intersections 
between  the  two  stations.  The  final  density  at  station 
4  (east)  was  1,969  passenger  cars  and  148  trucks,  a  total 
of  2,117  motor  vehicles. 

Thus,  the  final  density  at  station  388,  operated  for 
but  six  hours,  is  but  13  per  cent  greater  than  the  density 
at  station  4,  which  was  operated  twelve  10-hour  periods 
throughout  the  year.  Such  agreement  in  density  be- 
tween blanket-count  and  key  stations  occurs  fre- 
quently; in  fact  it  is  the  usual  thing,  although  there  is 
always  the  danger  of  picking  up  abnormal  trafiic  dur- 
ing so  short  an  observation  period  as  six  hours.     Traffic 
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at  blanket-count  stations  should  be  observed  at  least 
four  times,  preferably  at  intervals  of  three  months. 

COMP.\RISON  OF  TRAFFIC  AT  URBAN  AND  RURAL  STATIONS 

Passenger-car  traflir  at  112  urban  stations,  as  tabu- 
lated in  Table  1,  and  at  242  rural  stations  in  Ohio  are 
compared  graphically  in  Figure  6.  Since  the  hourly 
periods  into  which  the  day  is  divided  are  of  different 
length,  the  results  in  Figure  6  are  presented  in  terms  of 
the  percentage  per  hour  of  the  total  daily  traffic  by 
days  of  the  week.  The  differences  between  urban  and 
rural  traffic  flow  are  marked.  For  instance,  on  Sun- 
day morning  the  rate  of  traffic  flow  during  the  6  a.  m. 
to  10  a.  m.  period  is  about  30  per  cent  higher  in  the 
rural  areas.  On  Sunday  afternoon  the  situation  is  re- 
versed, urban  traffic  flow  being  about  11  per  cent 
higher  than  that  in  rural  areas  between  4  p.  m.  and  8 
p.  m.  In  fact,  on  all  days  of  the  week  traflic  flow  in 
urban  areas  is  at  a  higher  rate  than  in  rural  areas 
between  4  p.  m.  and  8  p.  m. 

The  comparison  between  urban  and  I'ural  areas  in 
traffic  flow  by  days  of  the  week  shows  the  great  simi- 
larity in  truck  movement,  but  there  is  relatively  a  much 
greater  movement  of  passenger  cars  on  Saturdays  and 
a  smaller  movement  on  Sundays  in  rural  areas.  The 
figures  are  tabulated  m  Table  8.  Sunday,  as  will  be 
seen,  is  the  day  of  heaviest  passenger-car  traffic  and 
lightest  truck  traffic  in  both  urban  and  rural  areas. 

Seasonal  variation  does  not  differ  sharply  between 
urban  and  rural  areas.  The  maximum  month  for 
passenger-car  traffic  flow  is  August;  for  truck  traific, 
September.  The  relation  of  maximum  to  average 
month  is  higher  in  the  rural  areas,  about  10  per  cent  for 
passenger  cars  and  7  per  cent  for  trucks.  There  is  a 
tendency  in  urban  areas  for  both  passenger-car  and 
truck  traffic  to  hold  up  better  during  the  winter  months. 
The  results  are  given  in  detail  in  Table  9.  Passenger- 
car  traffic  in  both  urban  and  rural  areas,  as  will  be  noted, 
varies  within  a  much  wider-  range  fi'om  January  to 
December  than  truck  traflic. 

SOME  USES  OF  TRAFFIC  DATA  NOTED 

Since  maintenance  costs  are  so  large  a  factor  in  total 
highway  costs  over  a  period  of  years,  the  economic  selec- 
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Figure  6. — IIoukly  Variation  in  Passenger-Car  Traffic 
AT  Urban  and  Rural  Stations  in  Ohio 


Table  8. — Daily  motor  traffic  variation,  Ohio 
[Average  day  =  100  per  cent] 


Diiy 


Monday 

Tuesday 

Wednesday 
Thursday. - 

Friday 

Saturday... 
Sunday 


Traflic  in  percentage  of  average 
day 


Trucks 


Urban 


Rural 


Per  cent  Per  cent 


11.3 
117 
115 
111 
115 
102 
26 


113 

118 
120 
110 
113 
101 
25 


Passenger  cars 


Urban 


Per  cent 
85 
81 
81 
82 
82 
110 
179 


Rural 


Per  cent 
83 
79 
80 

81 
88 
128 
1R2 


Table  9. — Seasonal  motor  traffic  variation,  Ohio 
[.\verage  month  =  100  per  cent] 


Month 


January... 
P'ebruary.. 

March 

April. 

May 

June 

July 

August 

September 
October.-. 
November. 
December. 


Traflic  in  percentage  of  average 
month 


Trucks 


Urban 


Per  cent 
84 
80 
88 
93 
101 
100 
102 
114 
118 
113 
107 
100 


Rural 


Per  cent 

77 
79 
85 
91 
92 
101 
108 
116 
126 
118 
113 
93 


Passenger  cars 


Urban 


Per  cent 
56 
69 
82 
95 
107 
118 
126 
145 
122 
112 
95 
74 


Rural 


Per  cent 
69 
67 
81 
92 
96 
116 
128 
158 
122 
109 
94 
78 


tion  of  a  suitable  type  of  highway  depends  to  a  large 
extent  upon  variation  in  maintenance  costs  under  vary- 
ing traffic  densities.  Climatic  conditions,  soil  types, 
drainage  conditions,  and  many  other  factors  so  com- 
plicate maintenance-cost  analysis  that  unless  accurate 
traffic  data  are  available,  misleading  conclusions  may 
easily  be  reached. 

The  usefulness  of  accurate  traffic  data  in  problems 
of  design  is  obvious.  The  variation  in  traffic  during 
different  periods  of  the  year  and  the  density  of  large- 
capacity  truck  traffic  should  not  be  overlooked  in  this 
connection,  especially  in  the  selection  of  proper  highway 
widths  and  design  near  large  cities. 

The  validity  of  many  conclusions  resulting  from  the 
study  of  highway  problems  depends  vitally  upon  the 
accuracy  of  the  traffic  data  underlying  such  conclusions. 
Haphazard  methods  and  fragmentary  traffic  data  lead 
to  economic  and  engineering  errors.  Reliable  data  re- 
sult from  careful  planning  and  complete  understanding 
of  the  objectives  of  the  traffic  survey.  Many  of  the 
highway  problems  are  extremely  complicated ;  one 
factor,  traffic,  may  be  accurately  obtained  without  tre- 
mendous expenditure.  In  the  sea  of  evidence  afl'ecting 
the  solution  of  a  difficult  problem  the  traffic  factor  may 
be  used  with  some  assurance  of  reliability.  An  error  of 
a  few  vehicles  in  the  traffic  evidence  has  no  engineeriHg 
significance,  and  the  accuracy  resulting  from  continuous 
observation  at  a  great  number  of  stations  is  not  worth 
the  cost.  On  the  other  hand,  traffic  evidence  obtained 
by  going  out  on  the  highway  for  a  few  hours  at  any  time 
of  the  year  is  worth  very  little  to  the  serious  investigator. 


THE  EFFECT  OF  INCREASED  SPEED  OF  VEHICLES  ON 

THE  DESIGN  OF  HIGHWAYS 

Reported  by  A.  G.  BRUCE,  Senior  Highway  Engineer,  Division  of  Design,  United  States  Bureau  of  Public  Roads 


A  STUDY  of  the  speed  limits  now  imposed  by  the 
various  States  shows  a  decided  increase  over 
those  imposed  10  years  ago.  In  1918,  three 
States  had  speed  limits  of  35  to  45  miles  an  hour,  and 
sight  States  had  no  limitation.  In  1928,  36  States 
permitted  speeds  up  to  35  to  45  miles  per  hour  and  3 
had  no  limitation.  The  speed  limitation  predominat- 
ing in  1918  was  25  miles  per  hour,  and  in  1928  it  was 
35  miles  per  hour. 

A  great  many  users  of  the  highway  travel  at  speeds 
much  higher  than  the  legal  limit,  especially  in  those 
States  with  the  lower  limitations.  The  models  of 
motor  cars  produced  in  recent  years  are  all  capable  of 
relatively  high  speeds,  and  the  general  trend  toward 
increased  braldng  capacity  and  greater  riding  comfort 
has  given  drivers  a  sense  of  greater  security  at  high 
speeds.  Taking  into  account  the  more  liberal  legal 
speeds,  the  difficulty  in  rigidly  enforcing  a  speed  limi- 
tation, and  the  greater  possible  speed  due  to  improved 
roads  and  improved  cars,  it  appears  safe  to  estimate 
that  the  average  speed  on  the  open  road  to-day  is  fully 
20  miles  per  hour  greater  than  it  was  10  years  ago. 

Studies  made  in  connection  with  the  Cleveland  sur- 
vey '  show  that  passenger  vehicles  on  the  open  road 
where  traffic  is  far  below  full  capacity  generally  travel 
at  a  speed  varying  from  30  to  40  miles  per  hour. 
(Figures  1  and  2.) 

This  increased  volume  and  speed  of  mo toi'- vehicle 
traffic  require  smoother  and  wider  road  surfaces,  easier 
curves,  wider  shoulders,  shallower  ditches,  greater 
superelevation  of  curves,  more  extensive  use  of  vertical 
curves,  longer  vertical  curves  at  the  top  of  hills,  greater 
sight  distance  on  both  horizontal  and  vertical  curves, 
the  avoidance  of  compound  curves,  more  adequate 
guard  rails,  more  adequate  protection  at  railroad  grade 
crossings,  and  special  treatment  of  intersections  of 
heavy-traffic  highways. 

WIDTH  OF  SURFACE 

The  safe  passing  of  rapidly  moving  automobiles  and 
busses  requires  a  surfaced  width  of  at  least  20  feet  for 
a  2-lane  rural  highway,  but  because  of  limited  funds 
the  18-foot  width  still  predominates  on  State  and 
Federal-aid  improvements.  The  mileage  of  20-foot 
pavement,  however,  is  increasing  each  year,  and  during 
the  past  year  20  per  cent  of  the  mileage  of  hard  pave- 
ments on  Federal-aid  projects  was  of  tliis  width  and 
70  per  cent  was  18  feet  wide.  The  free  flow  of  traffic 
on  highways  through  villages  and  built-up  sections  re- 
quires a  pavement  width  of  at  least  36  feet  where 
parallel  parking  is  permitted  and  50  feet  where  diagonal 
and  right-angle  parking  is  permitted. 

Figure  1  gives  some  indication  as  to  the  effect  of 
width  on  speed  on  a  highway  carrying  considerable 
traffic.  The  18-foot  width  a])pears  to  have  a  retarding 
effect  under  the  conditions  illustrated,  but  so  many 
factors  are  involved  that  this  can  be  taken  only  as  an 
indication. 


The  most  recent  studies  of  transverse  distribution  of 
traffic  on  highways  of  various  widths  are  those  made 
in  connection  with  the  Cleveland  survey.  The  distri- 
bution  of   passenger-car,    truck,    and    bus   traffic    was 


A  Widened  and  Superelevated  Curve 

Table   1. — Maximum    legal    speed    limits    in    open    country   for 
1918  and  1928 


State 

Speed 
limit, 
11118 

Speed 
limit, 
1928 

Slate 

Speed 
limit, 
1918 

Speed 
limit, 
1928 

Alabama 

Arizona 

Miles  per 
hour 
30 
3(1 
20 
3(1 

(■) 
30 

Miles  per 

hour 
45 
35 
35 
35 
35 

(') 
35 
45 
40 
35 
35 
40 
40 
40 
40 
35 
35 
40 
20 

(') 

35 
.30 
25 

(') 

Nebraska 

Nevada. 

New  Hampshire... 

New  Jersey. 

New  Mexico 

New  York 

Miles  per 
hour 
25 
(') 
25 
30 
(') 
30 

30 

Of, 

(■) 
25 
25 
25 
15 
25 
20 
25 

(') 
25 
20 
35 
30 
25 

0) 

Miles  per 
hour 
35 
45 

Arkansas 

California 

35 
30 

Colorado 

Connecticut 

35 
30 

Delaware 

Florida 

Georgia .. 

25 
25 
30 

North  Carolina 

North  Dakota 

Ohio 

Oklahoma... 

Oregon 

Pennsylvania 

Rhode  Island 

South  Carolina 

South  Dakota 

Tennessee 

45 
35 
35 

Idaho 

Illinois 

Indiana 

Iowa 

Kansas 

30 
25 

I 
40 
20 

(') 
25 
35 
20 
25 
25 
30 
25 

(') 

35 
40 
35 
35 
40 

Kentucky 

Louisiana 

25 
30 

Maine _. 

Maryland 

Texas 

Utah 

35 
30 

M  assachusetts 

Michigan        _  . 

Vermont 

Virginia 

West  Virginia 

Washington 

Wisconsin 

30 
35 

35 

Mississippi. 

40 
40 

Montana 

Wyoming  .      ..  . 

35 

SUMMARY  OF  SPEED  LIMITATIONS 


1  Report  of  a  Plan  of  Highway  Improvement  in  the  Regional  Area  of  Cleveland, 
Ohio. 


Legal  speed  (per 
hour) 

Number 

of  States, 

1918 

I 
5 
20 
11 

Number 

of  States, 

1928 

0 
1 
2 
0 
22 

Legal  speed  (|ier 
hour) 

40  miles 

Number 

of  States, 

1918 

1 
0 
0 

8 

Number 

of  States, 

1928 

15  miles 

10 

20  miles 

45  miles 

4 

50  miles 

0 

30  miles 

No  limit 

3 

35  miles 

1  No  limit. 
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recorded  for  pavements,  the  width  of  which  ranged  from 
18  to  40  feet.  The  total  pavement  width,  where 
observations  were  recorded,  was  divided  into  1-foot 
lanes,  with  painted  identification  markings.  With  the 
passage  of  each  vehicle  the  1-foot  lane  within  which 
its  right  rear  wheel  passed  was  recorded.  These  data 
form  the  basis  of  the  studies  of  transverse  distribution 
of  motor-vehicle  traffic  on  straight  and  level  highway 
pavements  in  the  various  width  classes  made  during 
the  month  of  November,  1927. 

Figures  3,  4,  and  5,  and  Table  2,  are  typical  of  the 
results  obtained  outside  of  the  urban  area.  There  was 
found  to  be  a  marked  difference  between  the  transverse 
distribution  of  the  right  rear  wheel  passages  of  passenger 
cars  on  pavements  18  and  20  feet  in  width  and  similar 
data  on  pavements  in  excess  of  20  feet  in  width  biit 
not  wide  enough  for  four  lanes  of  traffic.  On  the  18 
and  20  foot  surfaces  over  80  per  cent  of  the  passenger- 
car  traffic  traveled  6  feet  or  less  from  the  edge  of  the 
pavement.  For  surfaces  in  excess  of  20  feet  the  highest 
percentage  of  utilization  of  the  section  within  G  feet  of 
the  edge  of  the  pavement  was  46.3. 

On  pavements  over  20  feet  in  width,  truck  and  bus 
traffic  fail  to  utilize  to  any  extent  the  3  feet  nearest  the 
edge  on  each  side  of  the  pavement.  With  an  increase 
in  width  there  is  an  increasing  tendenc.y  for  motor- 
vehicle  traffic  to  operate  more  toward  the  center  of 
the  pavement. 

Passenger  cars  on  an  18-foot  highway  when  passing 
vehicles  moving  in  the  opposite  direction  travel  ap- 
proximately 1  foot  nearer  the  edge  of  the  pavement 
than  when  they  are  not  passing  other  vehicles. 

The  average  clearance  between  passing  cars  on  an 
18-foot  pavement  is  approximately  1  foot,  while  on  a 
20-foot  pavement  the  average  clearance  ranges  from  1.9  to 
2.4  feet.  On  both  18  and  20  foot  pavements,  drivers  of 
passenger  cars  apparently  prefer  to  sacrifice  clearance 
rather  than  drive  close  to  the  edge  of  the  pavement. 

The  average  distance  of  rear-wheel  passages  of  pas- 
senger cars  from  the  edge  of  the  pavement  on  32,  38, 
and  40   foot  highways  is  over   8  feet.     The   average 


clearance  of  passenger  cars  passing  in  opposite  directions 
ranges  from  6.7  feet  on  the  32-foot  pavement  to  11.7 
feet  on  the  40-foot  road. 

The  following  conclusions  as  to  width  of  highway 
were  presented  in  the  report  on  the  plan  of  improve- 
ment for  the  Cleveland  regional  area: 

1.  The  roadway  surface  for  all  2-lane  roadways 
should  be  20  feet,  exclusive  of  space  for  parked  vehicles. 
Roadways  of  18-foot  width  in  good  condition  are 
classed  as  satisfactory,  but  these  should  be  wddened  to 
a  minimum  of  20  feet  when  reconstruction  is  necessary. 
Surfaces  less  than  18  feet  in  width  should  be  widened 
to  a  minimum  of  20  feet  as  rapidly  as  conditions  permit 
except  in  the  case  of  extremely  light  traffic  routes  where 
the  widening  is  less  urgent. 

2.  Normal  distribution  of  traffic  requires  an  even 
number  of  traffic  lanes.  When  the  volume  of  traffic 
exceeds  the  capacity  of  a  2-lane  roadway  a  4-lane 
roadway  (approximately  40  feet),  exclusive  of  space  for 
parked  vehicles,  is  recommended.  The  3-lane  roadway 
is  found  satisfactory  in  a  few  cases  where  there  are 
very  pronounced  peak  periods  of  traffic  in  alternate 
directions  at  different  periods  of  the  day  and  par- 
ticularly when  the  acquisition  of  right  of  way  for  a 
4-lane  roadway  is  extremely  difficult  or  prohibitive  in 
cost.  The  3-lane  roadway,  when  used,  requires  lane 
marking  and  careful  traffic  control. 

3.  All  roadways  designed  for  more  than  two  lanes  of 
traffic  should  have  complete  lane  marking,  and  pro- 
vision should  be  made  for  regulation  of  traffic  in 
conformity  with  the  lane  marking. 

4.  Assuming  that  the  roadway  is  designed  for  the 
accommodation  of  moving  traffic,  the  choice  of  any 
width  between  20  and  approximately  40  feet,  except 
in  the  relatively  few  cases  where  the  3-lane  roadway  is 
satisfactory,  is  normally  uneconomical,  as  the  excess  of 
width  above  20  feet  adds  but  little  to  the  traffic  capacity 
of  the  roadway.  If  the  additional  width  is  intended 
to  provide  space  for  parking,  such  widths  as  22,  24, 
and  27  do  not  permit  parking  without  obstruction  of 
the  normal  traffic  lanes. 


Table  2. — Transverse  distribution  of  passenger-car  traffic  on  highway  pavements  in  the  Cleveland  regional  area 


Surface 
width 

Direction 
of  traffic 

Total 
passenger 

cars 
observed 

Distance  from  edge  of  surface  (feet) 

Highway 

1 

2 

3              4       [       5 

6 

Total 

Right 

rear  wh 

eel  passages,  percentage  o 
number 

f  total 

Cedar  Road,  east  of  Warrensville  Center  Road 

18 

20 

20 

18.7 

18.7 

32 

32 

38 

40 

40 

East 

West 

East 

West 

North 

South. 

East 

West 

East 

West 

East 

West 

East 

West.. 

East 

West 

East 

West 

East 

West 

1,069 
931 
1,304 
1,042 
620 
806 
1,403 
1,376 
2,328 
2,354 
2,000 
1,668 
2,948 
2,095 
1,334 
1,803 
1,081 
1,094 
8,183 
4,702 

1.5 
1.5 
.5 
2.5 
1.9 

.0 
.0 
.2 
.0 

12.0 
15.7 
13.8 
19.5 
13.9 

2  2.1 

.8 
.6 
.6 

.7 

'¥ 

.3 
.3 
.7 
.1 
.0 
.0 
1.1 
.1 

21.3 

31.9 

17.2 

41.9 

32.7 

13.9 

2.1 

3.5 

.7 

4.8 

.3 

.3 

2.1 

1.7 

2.4 

.9 

.0 

.8 

7.3 

1.4 

25.3 

26.1 

33.5 

23.6 

27.7 

27.2 

3.7 

6.7 

4.3 

10.7 

1.4 

1.9 

6.0 

4.6 

8.0 

3.1 

.5 

.6 

18.2 

5.5 

13.6 

14.1 

23.4 

4.8 

13.9 

21.6 

6.5 

9.7 

11.0 

10.7 

6.0 

8.1 

12.1 

10.6 

9.6 

4.3 

.7 

4.1 

13.0 

12.7 

8.9 
4.0 
8.6 
1.3 
3.4 
16.1 
8.3 
13.5 
9.0 
9.1 
16.6 
11.0 
16.3 
16.5 
11.0 
6.6 
4.0 
7.4 
6.5 
15.7 

82.6 

West  Lake  Road,  west  of  Wagar  Road. 

93.3 
87.0 

Northfield  Road,  south  of  Forbes  Road 

93.6 
93.5 

Euclid  Avenue,' east  of  Chardon  Road. 

80.9 
21.4 

Euchd  Avenue,' west  of  Chardon  Road. 

34.0 
25.6 

Detroit  Avenue,  east  of  Clague  Road...        

36.0 
24.4 

Franklin  Avenue,*  east  of  West  Sixty-fifth  Street     

21.6 
36.9 

Lake  Shore  Boulevard,  east  of  Harland  .\ venue ... 

33.7 
31.7 

United  States  route  20,  east  of  Wickhffe..    .           

15.1 

5.2 

Bulkley  Boulevard,'  east  of  Center  Parkway  Section 

12.9 
46  3 

35.4 

'  A  letter  box  located  close  to  the  edge  of  pavement  accounts  for  the  low  percentage  in  the  second  foot  lane,  east  direction  of  traffic. 
2  A  6-inch  raised  curb  accounts  for  the  low  percentage  in  the  second  foot  lane,  south  direction  of  traffic. 
2  Each  direction  is  used  for  2-way  traffic  and  is  separated  by  a  gravel  strip  18.5  feet  in  width. 

'  Used  as  a  3-lane  road  during  peak-hour  traffic;  the  inbound,  or  outbound  peak  traffic,  uses  2  lanes  during  peak  hours.    Lanes  are  not  separated  by  markings. 
'Roadway  width  separated  into  4  marked  lanes,  each  10  feet  in  width.    Inbound  or  outbound  peak  traffic  uses  3  lanes  during  peak  hours. 
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5.  Under  open-road  conditions — i.  e.,  throu<::h  areas 
outside  of  sul)url)an  development — with  little  local 
traffic  and  relatively  infrc(|uent  cross  routes,  the 
normal  traffic  capacity  of  a  2-lane  roadway,  at  a  traffic 
speed  of  25  miles  per  hour,  is  approximately  10,000 
vehicles  per  day.  In  sul)url)an  sections,  with  parking 
adjacent  to  the  roadway  surface  and  a  larger  volume 
of  cross  traffic  and  local  tradic,  the  capacity  of  a  2-lane 
roadway  is  reduced  to  approximately  8,000  vehicles 
per  day.  An  abnormally  high  proportion  of  large- 
capacity  trucks,  busses,  or  other  slow-moving  vehicles 
will  decrease  these  limits. 
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With  the  improvement  in  motor  cars  and  e<|uipment, 
emergency  roadside  repairs  are  less  frequent  than  for- 
merly, but  one  such  obstruction  in  a  mile  of  heavily 
traveled  road  creates  a  serious  danger,  and  shoulders  of 
Figure  3.— Transverse    Distribution    of    Passenger-C.^r    6  or  8  feet  should  be  provided  for  parking  and  repairs. 
Traffic  on  an  18-foot  Pavement  (Cedar  Road,  Cleve-    In  mountainous  country  the  cost  of  wide  shoulders  is 
land),  Based  on  Total  Passenger-Car  Traffic  November    extremely  heavy,  and  in  many  cases  shoulders  3  or  4 
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Figure  4. — Transverse  Distribution  ok  Passenger-Cau 
Traffic  on  a  20-rooT  Pavement  (West  Lake  Road,  Cleve- 
land), Based  on  Total  Passenger-Car  Traffic  November 
26,  1927,  from  7.15  a.  m.  to  12  m.  and  1  p.  m.  to  5  p.  m. 
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feet  wide  are  being  built,  while  in  other  sections  of  the 
country  shoulders  fO  feet  wide  are  the  rule,  but  the 
predominating  practice  appears  to  be  6  feet. 

RIGHT  OF  WAY 

During  the  past  few  years  there  has  been  a  noticeable 
trend  toward  the  acquisition  of  wider  right  of  way, 
especially  at  intersections  of  important  highways. 
Rights  of  way  100  and  200  feet  wide  are  not  uncommon, 
although  the  majority  of  States  are  stiU  acquiring  less 
than  100  feet.  The  acquisition  of  right  of  way  at  inter- 
sections prevents  the  obstruction  of  view  by  private 
construction,  such  as  filling  stations,  lunch  stands,  and 
roadside  markets. 

SIGHT  DISTANCE 

The  increase  in  volume  and  speed  of  traffic  has  made 
necessary  greater  sight  distances  on  both  horizontal  and 
vertical  curves.  It  is  desirable  to  maintain  a  sight  dis- 
tance of  at  least  500  feet,  but  this  is  not  always  feasible 
on  mountain  roads.  A  traffic  line  should  be  marked 
along  the  center  of  the  road  at  all  convex  vertical  curves. 

A  few  years  ago  it  was  the  rule  to  use  a  vertical  curve 

only  where  the  algebraic  difference  in  grade  was  2  per 

cent  or  more.     Vertical  curves  are  now  used  at  almost 

every  change  in  grade,  although  some  engineers  use 

them    only    at    changes    of    five-tenths   or 

more. 

CURVES 


450 
425 
iOO 
375 
350 
325 
300 
275 
250 
225 
200 
175 
150 
125 
100 
75 
50 
25 
0 


I    2   3    4    5    6    7    8    9   10    II   12  13  14   IS   16  17   18  19  20  21  22  23  24  25  26  27  28  29  30  31  32 

32  31  30  23  28  27  26  ?5  24  23  22  21  20  19   18   17  16   15  14  13   12   II    10   9   8    7    6    5    4    3    2    I 

DISTANCE  FROM  CURB -FEET 

Figure  5. — Transverse   Distribution  of  Passenger-Car  Traffic  on   a 


No  general  rule  can  be  given  for  deter- 
mining the  minimum  radius  of  horizontal 
curvature.  In  mountain  location  curves  of 
100-foot  radius  are  sometimes  necessary, 
whereas  in  the  flatter  sections  of  the  countrj' 
curves  of  1,000-foot  radius  are  the  prevailing 
practice.  During  the  past  year  the  pre- 
dominating minimum  radius  of  curvature 
on  Federal-aid  projects  has  been  about  500 
feet.  Figures  6  and  7  are  diagrams  for 
determining  sight  distances  on  vertical  and 
horizontal  curves  which  should  be  useful  in 
design. 

GRAUE.S 


On  main-line  highways  it   is   customary 
to  adopt  a  maximum  grade  of  5  per  cent 
32-FOOT  Pavement  (Detroit  Road  Cleveland)   Based  on  Total  Passen-    •  ^j  .    j-olfing  country    and    7    per    cent 

ger-Car  Traffic  November  2.J,  192/,  from  /. 55  A.  M.  to  12  m.  AND  1  p.  M.    !"    f''^      ;  f ,      •    .       .  '     i^n^-z.,. 

TO  5  p.  M.  m    rough    country,    but    it    is    no    longer 
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Figure  6. — Diagram  for  Determining  Length  of  Ver- 
tical Curve  for  a   Required  Sight  Distance 

considered  good  practice  to  resort  to  sharp  curvatui'e  in 
order  to  avoid  grades  somewhat  steeper  than  7  per  cent. 
If  local  conditions  permit  either  a  7  per  cent  grade  with 
a  sharp  curve  or  a  short  9  per  cent  grade  with  a  wider 
curve,  the  latter  design  is  thought  to  be  the  better 
practice  because  it  is  safer  for  modern  motor  traffic. 

There  is  a  difference  of  opinion  among  engineers  as  to 
whether,  in  gently  rolling  country,  the  grades  should 
follow  the  general  topography  with  very  little  cutting 
and  filling  or  whether  railroad  practice  should  be  fol- 
lowed with  long  easy  grades  involving  cutting  at  every 
hill  and  filling  every  valley.  A  few  years  ago,  when  the 
cost  of  grading  was  a  large  part  of  the  total  cost  of  the 
improvement,  the  use  of  railroad  grades  made  a  con- 
siderable difference  in  the  cost,  but  at  the  present  time 
it  is  a  smaller  percentage  of  the  total  cost,  and  there  is, 
therefore,  not  as  much  tendency  to  cheapen  the  design 
in  this  direction.  There  is  a  lack  of  agreement  among 
authorities  as  to  the  relative  economy  of  operating 
motor  vehicles  on  the  two  kinds  of  grades,  and  the  sub- 
ject is  one  which  warrants  further  investigation. 
Studies  made  at  Iowa  State  College  ^  are  somewhat 
favorable  to  rolling  grades. 

The  top  or  weathered  zone  in  many  soil  types  is  more 
stable  than  certain  of  the  unweathered  zones.  Under 
these  conditions,  and  when  the  weathered  zone  has 
appreciable  thickness,  subgrades  located  close  to  the 
original  ground  surface  are  apt  to  be  more  stable  than 
those  located  in  deep  cuts  and  fills.  Usually,  however, 
it  is  not  advisable  to  lay  a  grade  line  so  as  to  consistently 
take  advantage  of  this  fact. 

»  Agg,  T.  R.    Economics  of  Highway  Grades,  Bui.  65,  Engineering  Experiment 
Station,  Ames,  Iowa. 


COMPENSATION  OF  GRADES  FOB  CURVATURE 

It  is  customary  to  compensate  grades  over  5  per  cent 
on  curves  of  less  than  500-foot  radius  to  permit  unre- 
tarded  ascending  speed  on  curves.  The  amount  of 
compensation  depends  on  local  conditions,  but  a  general 
rule  followed  by  many  engineers  is  to  reduce  the  grade 
one-half  of  1  per  cent  for  each  50  feet  of  reduction  in 
radius  below  500  feet. 

SUPERELEVATION  AND  WIDENING 

When  highway  curves  were  first  superelevated  there 
was  considerable  opposition  from  the  users  of  horse- 
drawn  vehicles,  because  they  felt  that  superelevation 
was  primarily  for  the  purpose  of  converting  the  high- 
ways into  automobile  speedways.  Now,  that  super- 
elevation has  become  general  there  is  little  opposition  to 
a  conservative  practice,  but  in  some  cases  a  degree  of 
superelevation  is  used  which  is  excessive  for  slow-moving 
vehicles.  A  maximum  superelevation  of  2  inches  per 
foot  of  width  as  called  for  on  some  plans  is  questionable, 
and  the  standard  recommended  by  the  American  Associ- 
ation of  State  Highway  Officials  with  a  maximum  of  1 
inch  per  foot  of  width  appears  to  agree  with  the  con- 
sensus of  opinion  among  highway  engineers. 


Bridge  Built  on  a  Curve  with  .Sui'erelk\  atkd  Roadway 

Various  experiments  have  been  tried  in  superele- 
vating  for  mixed  traffic,  using  a  compound  cross  sec- 
tion instead  of  the  usual  straight  section,  and  it  is 
possible  that  a  solution  of  the  problem  will  be  worked 
out  along  this  line.  The  formula  recommended  by  the 
American  Associations  of  State  Highway  Officials  is: 


£=0.067 


R 


where  £"=  maximum  elevation  in  feet  per  foot  of  width, 
F=the   velocity  in  miles  per  hour   (35  recom- 
mended), and 
R  =  radius  of  curve  in  feet. 

Figure  8  presents  a  graphic  solution  of  this  formula 
with  the  limits  indicated. 

In  eight  States  curves  of  1  °  or  more  are  superelevated, 
but  in  the  majority  of  States  superelevation  is  used  only 
on  curves  of  3°  or  more.  There  is  no  standard  practice 
for  developing  the  superelevation,  but  the  majority 
of  States  start  the  banking  from  100  to  200  feet  ahead 
of  the  point  of  curvature  and  reach  full  superelevation 
at  the  same  distance  inside  the  curve.  There  are 
several  States,  however,  that  reach  full  superelevation 
at  the  point  of  curvature. 
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Curves  are  usually  widened  where  the  curvature  is  8° 
or  more.  The  Voshell  formula  for  widening;,  recom- 
mended by  the  American  Association  of  State  Highway 
Officials  is  as  follows: 

, ,  ,    35 

where  IF  =  the  widening  in  feet, 

R  =  the  radius  of  curve  in  feet,  and 
L  =  the  wheel  base  of  the  vehicle  in  feet   (20 
recommended). 
The  majority  of  States  start  the  widening  50  to  100 
feet  ahead  of  the  point  of  curvature  and  reach  the  full 
widening  at  the  same  distance  inside  the  curve.     A 
few  States  reach  full  widening  at  the  point  of  curvature. 
Most  States  use  the  parabolic  spiral  transition,  although 
a  few  States  use  a  straight-line  transition.     Widening 
of   the   pavement   has   become   less   important   where 
sharp  curves  are  not  used,  and  one  State  has  abandoned 
widening  of  the  pavement  as  standard  practice. 

COMPOUND  AND  REVERSE  CURVES 

Compound  curves  weie  frequently  used  up  to  the 
past  few  years,  but  it  is  now  recognized  that  they  are 
dangerous  for  fast-moving  traffic  if  there  is  considerable 
difference  in  the  radii.  When  a  vehicle  passes  from  a 
slow  to  a  rapid  rate  of  curvature,  a  change  in  steering 
and  often  a  change  in  speed  are  recpiired  immediately. 
Failure  to  sense  the  changed  condition,  which  is  most 
likely  to  happen  at  night,  may  result  in  an  accident. 
Usually  a  tangent  section  can  be  used  between  the 
curves  of  different  radii;  or  better  still,  a  simple  curve 
can  be  used  throughout. 

Reverse  curves  were  considered  objectionable  with 
the  speed  limits  in  force  in  1918  and  are  now  considered 
very  dangerous.  The  danger  is  due  not  only  to  the 
sudden  change  in  direction  of  curvature,  but  also  to 
the  fact  that  superelevation  can  not  be  provided  at  the 
transition  point.  A  tangent  section  200  feet  long  be- 
tween the  curves  will  permit  proper  transition  with 
superelevation  and  widening. 


CROWN  vvj  5vi>:)ri>jj:j;  oysuRF'vcE 

Smoothness  of  road  surface  is  now  emphasized  much 
more  than  formei'ly,  and  most  specifications  require  a 
surface  finish  with  a  maximum  tolerance  of  one-fourth 
inch  under  a  10-foot  straight  edge.  With  such  surface 
trueness  it  has  been  possible  to  reduce  the  crown  to  a 
very  small  amount,  and  at  the  present  time  one-eighth 
to  one  tenth  inch  per  foot  is  the  prevailing  practice. 

It  is  noticeable  that  some  States  are  more  successful 
than  others  in  building  smooth  riding  pavements,  even 
where  the  specifications  as  to  finish  are  the  same,  and 
it  is  obvious  that  only  the  greatest  care  in  finishing  will 
preduce  the  results  desired.  During  the  past  year  the 
machine  finisher  has  been  tried  on  bituminous  pave- 
ment construction,  and  apparently  greater  trueness  of 
surface  is  produced  than  by  the  usualy  hand-raking 

methods. 

guard  rail 

The  light  wooden  guard  rail  commonly  used  10  yeare 
ago  was  intended  as  a  fence  to  keep  the  horse-drawn 
vehicle  from  going  over  the  edge  of  the  embankment 
at  night.  It  has  been  superseded  in  most  States  by 
some  type  that  offers  more  resistance  to  the  impact  of 
a  rapidly  moving  motor  vehicle. 

Where  lumber  is  plentiful,  several  types  of  low,  heavy, 
wooden  guard  rail  are  used,  but  woven-wire  and  steel- 
cable  guard  rail  on  wooden  or  concrete  posts  are  the  pre- 
dominating types.  As  at  present  developed,  the  cable 
guard  rail  with  wooden  posts  aff'ords  the  greatest  safety 
to  heavy  vehicles.  In  mountainous  country  where 
large  stones  are  available  a  bowlder  guard  rail  is  attrac- 
tive and  effective.  A  few  States  are  experimenting 
with  earth  banks  in  place  of  guard  rail.  These  banks 
are  usually  about  8  feet  wide  at  the  bottom,  4  feet 
wide  at  the  top,  and  are  built  to  a  height  of  about  4 
feet.  It  appears  that  this  type  is  satisfactory  on  tan- 
gents, but  is  not  so  effective  on  sharp  curves,  because  a 
rapidly  moving  car  striking  the  bank  at  an  angle  will 
sometimes  climb  over  it.     Many  plans  specify  guard 
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Figure  9. — Designs  of  Lip  Curbs  for  Concrete  Pave- 
ments Submitted  by  Georgia,  Illinois,  Iowa,  and 
Minnesota 

rail  on  low  embankments  which  could  easily  be  graded 
to  a  1  to  4  slope  and  sodded. 

CURBS 

The  use  of  curbs  with  a  vertical  face  is  necessary  in 
built-up  areas  for  drainage  and  the  proper  protection 
of  life  and  property,  but  on  rural  roads  they  are  a 
source  of  danger  to  motor  traffic  and  their  use  has 
resulted  in  numerous  serious  accidents.  On  the  other 
hand,  it  is  very  desirable  to  carry  storm  water  along 
the  edge  of  concrete  surfaces  where  the  shoulder  and 
ditch  material  erodes  easily  or  it  is  difficult  to  keep  the 
ditches  clean.  Several  States  are  now  using  concrete 
edging  or  some  form  of  lip  curb  for  this  piu'pose,  which 
is  so  designed  as  to  permit  the  use  of  shouldei"s  for  emer- 
gency repairs  and  parking.  Typical  designs  are  shown 
in  Figure  9.  -• 

RAILROAD  CROSSINGS 

Railroad  crossings  at  grade  not  only  constitute  an 
accident  hazard,  but  also  reduce  the  traffic  capacity  of 
a  route.  This  reduction  in  traffic  capacity  is  due  (1)  to 
the  actual  stopping  of  vehicles  to  permit  passing  of 
trains,  and  (2)  to  the  general  decrease  in  speed  of  all 
traffic  in  order  to  determine  the  safety  of  the  crossing. 
Considerable  progress  is  being  made  in  eliminating  rail- 
road crossings,  but  there  are  so  many  of  them  and  the 
cost  of  eliminations  is  so  heavy  that  the  program  each 
year  must  be  relatively  small.  Better  progress  would 
be  made  if  a  uniform  survey  of  the  grade-crossing  situa- 
tion could  be  made  in  each  State  and  a  program  of 
elimination  prepared.  It  is  difficult  to  evaluate  the 
relative  danger  of  factors  such  as  volume  and  speed  of 
motor  traffic,  volume  and  speed  of  train  traffic,  sight 
distance,  and  approach  conditions,  but  if  these  are  to 
be  used  at  least  an  appro.ximate  weight  could  be  as- 
signed to  each  in  order  to  determine  the  proper  place 


Railroad   Grade  Crossing  Elimination 

of  a  crossing  in  the  order  of  elimination.  Protection  at 
crossings  other  than  by  means  of  grade  separation  is 
being  given  serious  consideration,  and  various  signal 
and  warning  devices  are  being  tried  out  with  varying 
degrees  of  success  but  with  a  general  improvement  in 
conditions. 

It  has  been  suggested  that  the  order  of  grade-crossing 
eliminations  be  according  to  a  definite  classification  of 
crossings  based  on  the  relative  value  to  the  travehng 
public  of  their  eUmination.  To  determine  the  relative 
value  of  specific  eliminations,  a  purely  economic  study 
would  be  made  on  the  basis  of  time  lost  at  crossings 
under  assumed  conditions  of  entirely  safe  operation. 
From  the  railroad  point  of  view  this  must  be  acceptable, 
because  the  expense  of  stopping  is  the  reason  why 
trains  may  not  be  stopped  at  all  such  crossings.  The 
expense  of  stopping  a  motor  vehicle  is  only  a  small 
fraction  of  that  incident  to  stopping  a  train,  but  the 
number  of  units  involved  in  highway  traffic  is  so  great 
that  in  the  aggregate  the  loss  is  considerable. 

If  the  raib'oads  protest  the  stopping  of  their  own 
traffic  as  expensive  and  destructive  of  efficiency,  they 
must  recognize  it  as  having  a  similar  disadvantage  to 
highway  traffic.  Some  studies  of  such  losses  have  been 
made  and  several  cases  wliich  indicate  what  these  may 
amount  to  are  shown  in  Table  3. 

It  is  clear  that  there  are  crossings  where  there  is 
considerable  loss  of  time  to  the  public.  On  such  cross- 
ings the  time  which  is  lost  may  be  stated  in  tenns  of 
the  efficiency  of  the  highway,  as  follows: 

In  the  first  case  shown  in  Table  3  the  highway  is  86 
per  cent  efficient  (crossing  closed  14  per  cent  of  the 
time),  and  in  the  following  cases  the  efficiencies  are  79, 
95,  90,  90,  and  92  per  cent. 

This  measure  of  efficiency  does  not,  however,  indi- 
cate the  total  loss  to  traffic  due  to  the  grade  crossings. 
In  some  States,  notably  North  Carolina,  Louisiana, 
Mississippi,  Florida,  and  Nebraska,  there  arc  crossing 
stop  laws  requiring  all  approaching  automobiles  to 
come  to  a  full  stop  l)elore  entering  the  intersection. 
In  some  cases  the  law  requires  a  reduction  of  speed  to 
a  rate  at  which  the  automobile  will  be  completely  con- 
trollable within  a  few  f(<ct.  The  speed  fixed  in  Nebraska 
on  secondary  crossings  is  12  miles  per  hour.  These 
laws  apply  to  all  traffic  and  represent,  if  observed, 
another  source  of  lost  time.  If  such  methods  are 
adopted  in  all  States  the  total  losses  in  highway  service 
will  be  enormous. 

The  ratio  of  night  traffic  (7  p.  m.  to  7  a.  m.)  to  day 
traffic  indicates  that  the  vehicle-hours  loss  shown  in 
Table  3  may  be  increased  bj'  50  per  cent  to  arrive  at  the 
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Table  3. — -Vehicle  time  lost  at  selected  grade  crossings  in  Cleveland  regional  traffic  survey 


Road 


East  Seventy  -second 

Street. 
Lorain  Avenue, _ . . 


Broadway 

East  Ninety-third  Street.. 
Do..- 

United  States  Route  20.-, 


Railroad 


New  York  Central- 

do... _... 


Wheeling  &  Lake  Erie.. 

Erie 

Wheeling  <fe  Lake  Erie- 
Nickel  plate 


Location 


West  end,  Gordon  Park  _  _ 

Near  West  One  Hundred 
and  Forty-third  Street. 

At  Union  Avenue 

Near  Meech  Avenue  ' 

do 

West  of  Painesville 


Highway 
traffic, 
7  a.  m. 

to 
7  p.  m. 


5,955 

14,  220 
4,372 
4,  :<72 
4,799 


Rail  traffic  7  a.  m.  to 
7  p.  m. 


Pas- 
senger 
trains 


Freight 
trains 


Switch 
trains 


Time 
blocked, 
7  a.  m. 

to 
7  p.  m. 
(hours) 


1.69 

2.48 

.62 
1.20 
1.18 

.89 


•stopped  j,*^ d 


1,078 

1,867 

600 
709 
650 
319 


14.1 

20.6 

5.2 
10.0 

9.8 

7.4 


Ratio 

of  clear- 

Per 

ance 

cent  of 

time  to 

vehicles 

time 

stopped 

cross- 

mg  IS 

blocked 

14.0 

1.24 

31.4 

1.22 

4.2 

1.38 

16.2 

1.31 

14.9 

1.24 

6.6 

1.18 

Total 
vehicle 
time 
loss 
(vehi- 
cle- 
hours) 


23.6 

46.0 

12.1 
30.6 
23.7 
16.4 


'  Crossings  approximately  300  feet  apart;  blocking  of  1  crossing  impedes  traffic  at  other. 


WIDENED  INTERSECTION 


CURVED  INTERSECTION 


rotary  intersection  paved  intersection 

Figure  10. — Types  of  Intersections 

24-hoiir  loss.  In  the  cases  cited  these  full-day  losses  in 
vehicle-hours  would  be,  respectively,  35.4,  69,  18.1,  45.9, 
35.5,  and  24.6.  If  we  assume  that  the  use  of  an  auto- 
mobile is  as  valuable  as  its  operating  costs,  we  are  con- 
servative in  assigning  .f  1  an  hour  as  the  cost  of  the  lost 
time.  The  above  losses,  so  charged  and  capitalized  at 
6  per  cent,  would  justify  expenditures  of  $215,350, 
$419,750,  $110,412,  $279,225,  $216,262,  and  $149,650. 
These  facts  are  convincing  that  priority  based  on 
the  value  of  time  lost  is  a  rational  procedure.  This 
applies  whether  the  crossing  is  protected  by  gates, 
watchmen,  or  is  wholly  unprotected.  In  general,  the 
method  may  be  applied  by  taking  a  traffic  census  and 
computing  the  losses  which  would  result  from  motor- 
vehicle  operation  in  such  a  manner  as  to  produce  com- 
plete absence  of  accidents  at  the  crossing.  At  the  pres- 
ent time  only  meager  data  are  available. 


It  should  be  noted  that  this  plan  assumes  that  the 
value  of  eliminating  a  crossing  varies  directly  with  the 
amount  of  rail  and  highway  traffic,  and  no  attempt  is 
made  to  evaluate  the  hazard  of  the  crossing.  The 
value  of  elimination  is  referred  directly  to  a  measurable 
economic  loss. 

HIGHWAY  INTERSECTIONS  AND  GRADE  SEPARATION 

The  separation  of  highway  grades  at  important  inter- 
sections is  a  new  problem  in  highway  engineering  but 
one  that  will  undoubtedly  receive  considerable  atten- 
tion in  the  future.  Already  grades  have  been  separated 
in  cities  and  in  parks,  but  the  expense  is  so  great  that 
it  has  not  been  done  on  rural  roads,  and  it  is  probably 
not  justified  at  the  present  time  except  on  heavy-traffic 
roads  near  large  cities.  In  the  congested  areas  where 
unhampered  flow  of  traffic  on  multi-lane  arteries  is  es- 
sential the  separation  of  grades  may  be  justified  be- 
cause the  increased  capacity  of  the  highway  in  cars  per 
hour  will  aft'ord  tlie  same  relief  as  an  additional  traffic 
lane  which  would  otherwise  be  required. 

Most  highway  intersections,  even  within  congested 
areas,  will  remain  at  grade  for  many  years,  and  their 
proper  treatment  has  become  an  important  problem  in 
many  instances.  The  two  methods  most  generally 
used  are  widened  pavements  with  nearly  right-angle 
intersections  and  the  more  common  combination  of 
right-angle  intersection  with  wide  curves  connecting  the 
intersecting  routes.  In  the  widened-pavement  design, 
two  additional  traffic  lanes  are  added  for  500  feet  on 
each  side  of  the  intersection,  and  the  curvtp  at  the 
intersection  are  of  about  30-foot  radius.  Traffic  about 
to  make  either  a  right  or  left  turn  enters  the  extra  lane 
and  makes  the  turn  at  slow  speed.  Figure  10  shows 
four  types  of  intersections. 

The  wide-curved  intersection  wdth  radii  of  300  to  500 
feet  requires  considerably  more  right  of  way  and  costs 
more  to  construct  than  the  widened  roadway  intersec- 
tion. Whether  the  additional  expense  is  justified  ap- 
pears to  be  questionable. 

SIGNS 

The  improvement  in  character  and  number  of  direc- 
tional and  warning  signs  has  been  a  great  aid  to  more 
rapid  automobile  transportation.  This  is  especially 
noticeable  where  standard  United  States  route  markers 
have  been  erected.  Thirty-eight  States  have  now  com- 
pleted the  marking  of  the  United  States  routes  within 
their  borders,  and  many  other  States  have  the  marking 
of  these  routes  well  along  toward  completion. 
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PARKWAY  FEATURES  OF  INTEREST  TO  THE  HIGHWAY 

ENGINEER 

Reported  by  E.  W.  JAMES,  Chief,  Division  of  Design,  United  States  Bureau  of  Public  Roads 

CONDITIONS  responsible  for  the  conception  of  the 
superhighway  have  led  also  to  the  use  of  the  park- 
way to  make  possible  the  rapid  movement  of  light- 
weight vehicidar  traffic  througli  congested  areas.  Such 
developments  have  usually  been  in  metropolitan  and 
suburban  areas;  but  the  inherent  possibilities  of  the 
parkway  are  so  great  that  the  Bureau  of  Public  Roads 
considered  it  desirable  to  make  an  examination  of  some 
of  the  more  important  constructions  within  convenient 
distances  of  Washington  with  a  view  to  analyzing  the 
features  that  are  of  special  interest  to  the  engineer. 

The  parkway  can  serve  a  twofold  purpose  when  ade- 
quately handled:  It  may  be  made  to  provide  at  the 
same  tinie  a  park,  in  its  proper  sense,  and  an  arterial 
highway.  The  two  objectives,  however,  conflict  to 
some  degree  and  an  even  balance  must  be  struck  to 


Undoubtedly  the  outstanding  parkway  developments 
are  in  the  New  York  luetropolitan  district,  where  Pali- 
sade Interstate  Park,  liear  Mountain  Park,  the  Bronx 
Parkwa^y,  and  the  Westchester  County  park  system 
furnish  a  variety  of  detail  nowhere  else  available  in 
the  Eastern  States.  The  condition  of  improvement  of 
the  Bronx  Parkway,  New  York  City,  and  the  West- 
chester County  park  system  make  these  two  areas  of 
peculiar  interest,  and  they  may  well  be  considered 
together  as  they  arc  contiguoiis  in  location,  largely 
identical  in  conception  and  purpose,  contimang  to  a 
large  extent  in  administration,  and  identified  by  similar 
influences  on  design  and  success  in  execution. 

From  the  first  contacts  the  wisdom  of  the  design  and 
the  satisfying  quality  of  the  work  are  apparent  and 
impressive.     This  feeling  is  intensified  when  opportu- 


Separation  of  Highway  Grades  ix  the  Bronx  River  Parkway 


secure  the  most  satisfactory  results.  Vistas  are  gener- 
ally short,  especially  in  lateral  directions,  and  land- 
scaping as  a  park  feature  must  be  done  accordingly. 
This  requires  taking  advantage  of  many  small  details 
that  might  be  developed  in  a  bolder  manner  in  ample 
park  areas.  The  highway  itself  must  be  considered 
constantly  in  order  that  the  capacity  of  the  parkway  as 
a  means  of  traffic  relief  may  be  maintained. 

OUTSTANDING   PARKWAY  FEATURES  SUMMARIZED 

These  observations  are  the  result  of  inspections  of 
several  parks  and  parkways,  where  it  was  possible  to 
see,  completed  and  in  operation,  parkway  features  and 
designs  that  are  entirely  satisfactory  from  both  an 
artistic  and  technical  viewpoint,  and  also  to  see  others, 
likewise  completed,  that  demonstrate  the  disadvantages 
of  certain  details. 

44222 29 


nity  is  found  to  observe,  as  later  it  was  by  the  writer  in 
Boston  and  vicinity,  other  parkways  destined  to  the 
same  general  purpose,  planned  along  the  same  generous 
and  widespread  layout,  and  detailed  in  such  a  manner 
as  to  be  adequate  for  service  but  quite  undistinctivc  as 
parkways. 

The  principal  incentive  to  development  of  the  big 
system  of  parks  and  parkways  in  Westchester  and  the 
Bronx,  apart  from  the  relatively  minor  impulse  due  to 
the  need  of  renovating  the  lower  reaches  of  the  Bronx 
River  in  upper  New  York  City,  as  the  city  extended 
beyond  the  Harlem  River,  was  the  need  for  additional 
traffic  arteries  leading  out  from  the  New  York  metro- 
politan area  into  the  only  contiguous  mainland  avail- 
able for  suburban  development.  The  intensity  of  this 
incentive  may  be  somewhat  measured  by  the  alterna- 
tives of  using  bridges  or  tunnels  on  the  p]ast  and  Hudson 
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Rivers,  or  the  inherently  inadequate  ferries  across  a 
normally  more  or  less  crowded  harbor. 

The  fact  that  essentially  the  Bronx  and  Westchester 
Parkways  were  conceived  and  have  so  far  been  executed 
as  relief  highways  to  a  o;reat  metropolitan  area  is  nota- 
ble. The  cleaninp;  up  followine;  the  completion  of  the 
great  Bronx  River  Valley  trunk  sewer  opened  the  way 
to  elevating  such  neetled  highways  into  parkways,  and 
the  success  with  which  the  idea  has  been  carried  out  is 
an  example  for  all  such  work. 

The  completed  part  of  the  system,  although  but  a 
quarter  of  the  whole  ])i-()posed  system,  is  large  enough 
and  old  enough  to  furnish  evidence  of  sound  design. 

Certain  outstanding  features  may  be  conveniently 
and  briefly  summarized: 

(a)  The  parkway  is  developed  from  the  interior  out- 
ward rather  than  from  the  margins  inward.  This  is 
fundamentally  important. 


(?)  Bridge  and  structure  designs  are  rustic  and  un- 
symmetrical  and  made  to  fit  the  situation. 

(j)  The  flat  arch  has  been  developed  satisfactorily 
and  attractively,  and  has  been  used  in  the  solution  of 
many  difficult  grade  separation  problems. 

(A)  Watercourses  are  cleaned,  cleared,  and  con- 
trolled by  judicious  dredging  and  filling  and  by  the  use 
of  small,  inexpensive  weirs. 

(l)  Tangents  are  avoided  in  the  pavement  layouts. 

(m)  Deep  cuts  are  avoided  and  grades  follow  the 
surface.  Earth  necessary  for  fills  is  obtained  by 
widening  cuts  and  flattening  slopes  in  cut.  To  reduce 
fills  curvature  is  introduced. 

PARKWAYS  SHOULD   BE  LOCATED  IN  INTERIOR  OF  PARKS 

By  placing  the  highway  development  in  the  interior 
of  the  parkway  area  and  working  outward,  all  possible 
freedom  in  details  of  location  is  secured,  and  what  is  of 
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Bridges  Over  the  Bronx  River  in  the  Bronx  River  Parkway 


(6)  Intersections  at  grade  with  other  traffic  lines  of 
all  kinds  are  eliminated. 

(c)  Access  or  approach  roads,  ramps,  and  border 
roads  are  brought  into  the  parkway  sparingly.  The 
parkway  is  not  intended  to  be  just  another  local  avenue 
or  street. 

(d)  A  single  40-foot  pavement  is  considered  and 
apparently  is  adequate  for  all  traffic  so  far  developed 
under  the  limitations  of  the  parkway  regulations. 

(e)  Two  20-foot  pavements  segregating  traffic,  with 
a  parking  between,  are  not  adequate.  Apparently  two 
30-foot  pavements  are  needed  to  equal  a  single  40-foot 
pavement  in  capacity. 

(J)  Landscaping,  finishing,  planting,  and  opening  to 
the  public  follow  as  rapidly  as  construction  conditions 
permit.  Completed  sections  are  built  from  the  rough 
in  two  seasons. 

(g)  All  formal  and  studied  landscaping  is  avoided. 
More  local  trees  and  shrubs,  taken  from  the  adjacent 
woods  and  reset,  are  used  than  nurseiy  stock. 

(h)  Local  stone  is  used  in  structures  to  a  great  extent, 
and  unevenness  of  texture,  color,  and  coursing,  rather 
than  evenness  and  regularity,  are  sought. 


most  importance,  there  is  available  on  both  sides  of  the 
roadway  ample  space  for  landscape  development  neces- 
sary to  screen  and  hide  any  objectionable  or  unsightly 
features  adjacent  to  the  parkway.  Such  screening  is 
essential  along  a  parkway  laid  out  through  city  sub- 
urbs, along  railroads,  and  through  small  towns  that 
invariably  have  purlieus  that  are  unattractive.  In 
addition,  the  interior  development  of  the  parkway  en- 
courages its  separation  from  the  rest  of  the  highway 
and  street  net  in  the  vicinity.  The  relative  advantages 
of  the  two  general  methods  of  interior  and  marginal 
development,  respectively,  are  seen  by  comparing  the 
Bronx  and  Westchester  developments  with  the  metro- 
politan park  system  around  Boston  where  the  marginal 
system  of  designing  prevails. 

The  metropolitan  park  system  is  comparable  in  size, 
conception,  and  purpose  with  the  Bronx  and  West- 
chester systems.  Starting  with  a  sanitary  clean-up  of 
the  lower  reaches  of  the  Fenway,  a  sluggish  marsh 
estuary,  outlet  of  a  small  brook  from  Jamaica  Pond, 
the  system  has  spread  to  include  an  area  comparable 
with  Westchester  County.  The  marginal  scheme  of 
development  has  been  unfortunately  used  to  a  large 
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Flat  Arch  Beidges  Used  for  Separation  of  Highway  Grades,  Westchkster  County,  N.  Y. 
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extent,  with  the  disadvantages  that  are  associated  with 
it.  As  a  result,  the  drives  become  the  frontage  streets 
for  miles  of  private  property.  A  large  number  of  pri- 
vate driveways  debouch  directly  into  the  park  drives; 
for  miles  there  is  only  a  nominal  distinction  between 
the  parkway  and  an  ordinary  avenue.  There  are  num- 
erous points  where  it  has  been  impossible  to  screen  from 
view  objectionable  property  abutting  the  parkways. 

On  the  other  hand,  in  the  Bronx  and  Westchester 
systems  there  is  room  for  screening,  and  with  the  excep- 
tion of  a  few  hundred  feet  at  one  point  the  park  drive- 
way never  serves  as  a  frontage  street  to  private  prop- 
erty. Also,  the  distance  from  the  right-of-way  lines 
where  interior  development  is  used  facilitates  the  sep- 
aration of  intersecting  routes. 

HIGHWAY  INTERSECTIONS  AT  GRADE  OBJECTIONABLE 

The  original  policj^  of  the  Westchester  County  Park 
Commission  with  regard  to  intersecting  routes  has  been 
greatly  strengthened.  At  first  they  eliminated  only 
the  most  dangerous  grade  intersections.  Those  remain- 
ing became  such  obstacles  to  traffic  that  the  conimission 
has  removed  all  such  intersections.  Their  policy  now 
is  to  leave  no  grade  intersection  whatever,  but  at  all 
principal  highway  grade  separations  ramps  between 
the  two  arteries  furnish  a  connection.  This  is  un- 
questionably sound  and  emphasizes  the  superhighway 
idea  which  was  the  strongest  impulse  toward  the 
creation  of  the  parkway  system. 


The  disadvantage  of  unseparated  highway  intersec 
tions  was  noted  definitely  at  many  points  in  Fairmon 
Park,  Philadelphia.  Traffic  pohce,  automatic  signt 
control,  and  objectionable  intersections  are  ther 
numerous.  The  inadequacy  of  the  design  of  earlie 
days  is  apparent,  and  one  is  left  with  the  con\dctio] 
that  there  should  be  not  the  slightest  hesitation  t> 
abandon  the  older  ideas  for  new  details  that  promis 
to  serve  better  the  demands  of  present  traffic. 

In  the  matter  of  access  roads  the  arterial  highway 
aspect  is  also  fully  recognized  in  the  Westchester  par] 
system.  Access  to  the  parkway  is  provided  at  rathe 
long  intervals;  by  no  means  at  every  street  intersec 
tion.  In  some  instances  the  intervals  are  a  mile  o 
more  in  length.  If  abutting  development  requires  it 
a  separate  border  road  or  street  is  consti'ucted  on  whicl 
development  faces,  distinct  entirely  from  the  parkwa;( 
and  having  access  to  the  park  drive  only  at  lon^ 
intervals. 

This  condition  is  in  marked  contrast  with  the  design 
and  development  of  Roosevelt  Boulevard  northwarc 
from  Philadelphia. 

This  boulevard  clearly  indicates  what  should  b<i 
avoided  in  parkway  design.  To  the  city  line  the  park 
way  consists  of  two  20-foot  or  two  30-foot  pavements 
with  a  separating  parked  strip  of  approximately  uniforn 
cross  section  throughout.  At  the  present  time  traffi<i 
uses  the  east-side  pavement  only  for  a  considerabhi 
distance  because  of  the  bad  condition  of  the  west  side'- 


Airplane  View  of  Roosevelt  Boulevard,  Philadelphia,  Showing  Frequent  Street  Intersections 

AT  Grade 
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Parkways  Constructed  by  the  Parks  Divisiox  of  the  Metropolitan  District  Commission  of  Massachusetts. 
Upper — Woburn  Parkway  Near  Woburn.     Lower — Mystic  Valley  Parkway  Near  Medford 
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With  the  exception  of  a  few  important  raih-oad  grade- 
crossing  eUniinations,  the  entire  boulevard  is  at  tlie  same 
grade  as  the  streets  of  the  subdivisions  rapidly  opening 
to  the  north  of  Broad  Street,  and  the  continued  inter- 
ruption to  traffic  promised  by  this  design  will  in  a  few 
years  ruin  the  parkway  as  an  arterial  route.  It  will 
become  an  elaborate  city  street  and  nothing  more. 


Separation  of  Hi(!Hway  Grades  in  Lincoln   Park, 
Chicago 

Estimates  of  the  prol)able  traffic  capacity  of  a  pave- 
ment should  be  modified  where  the  layout  affords 
relative  freedom  from  direct  intersections.  With  few 
access  roads  and  grades  sej^arated  at  all  main  inter- 
sections, the  observations  stated  under  (d)  are  believed 
to  be  sound.  With  the  four  to  five  million  people  and 
600,000  automobiles  of  New  York  City  as  a  principal 
source  of  traffic,  and  with  a  highly  developed  suburban 
territory  adjacent  to  much  of  the  system,  the  West- 
chester commission  finds  the  40-foot  drive  generally 
adequate.  Two  20-foot  pavements,  however,  do  not 
serve  the  peak  ti'affic;  and  where  the  traffic  lanes  are 
separated  by  a  ])arked  strip,  two  30-foot  pavements 
are  found  to  be  the  equivalent  of  a  single  40-foot  drive. 
In  only  a  few  sections,  approaching  resorts  that  are 
developed  or  to  be  develo]5ed,  where  traffic  will  be 
excessively  concentrated,  has  the  commission  used  or 
planned  a  60-foot  pavement. 

DEFINITE  PROVISION  SHOULD  BE  MADE  FOR  PARKING 
VEHICLES 

On  Saturdays,  Sundays,  and  holidays  all  parking  of 
vehicles  along  the  parkways,  except  at  areas  definitely 
provided,  is  absolutely  prohibited  and  the  regulation  is 
enforced.  Incidentally,  luncheon  parties  are  forbidden 
except  at  places  provided.  With  these  restrictions  on 
vehicle  parking  during  the  days  of  peak  traffic,  the  40- 
foot  pavement  or  the  two  30-foot  pavements  adequately 
serve  the  traffic  throughout  most  of  the  system. 

Parking  grounds  for  vehicles  constitute  a  difficult 
problem  for  the  parkway  designer,  because  large  areas, 
barren  in  appearance,  add  nothing  of  beauty  to  the 
parkway.  Definite  provision  must  be  made  for  park- 
ing, however,  if  it  is  to  be  allowed.  The  design,  layout, 
and  construction  of  parking  areas  for  motor  vehicles  in 
Valley  Forge  State  Park,  Pa.,  was  observed  as  one  of  the 
distinctive  features  of  this  park. 

The  pathways  which  were  noted  between  the  parked 
vehicles  added  relatively  little  to  the  required  parking 
area  and  furnished  an  element  of  safety  and  convenience. 
This  feature  would  be  particularly  desirable  in  an  expan- 
sion of  the  design  to  accommodate  several  hundred  cars. 


A  sketch  is  shown  of  the  smaller  of  the  two  areas  seen, 
which  gives  the  details  and  dimensions.  Two  such 
areas  are  located  in  Valley  Forge  Park,  one  to  hold 
about  40  cars  and  the  other  about  90.  vSimilarly,  at 
Bear  Mountain  Park  rather  skillful  use  has  been  made 
of  limited  areas  for  vehicle-parking  purposes.  No  fair 
judgment  coidd  be  reached  regarding  the  effect  of  park- 
ing areas  on  the  congestion  at  the  west  end  of  Bear 
Mountain  Bridge.  There  is  a  heavy  traffic  which 
naturally  seeks  access  to  the  various  roads  from  the 
bridge,  and  also  a  maneuvering  of  vehicles  to  get  into 
and  out  of  the  irregular  and  scattered  parking  areas. 
But  the  need  of  such  areas  is  obvious,  and  they  should 
be  located  and  their  layouts  studied  with  great  care  to 
insure  freedom  of  access  and  ease  of  entrance  and  exit. 

The  circuitous  approaches  to  the  Bear  Mountain 
Biidge,  compelled  by  the  topography,  are  in  all  cases  to 
be  avoided  where  possible  and  especially  when  in  juxta- 
position with  pai'king  areas.  Their  disadvantage  is 
obvious  to  one  driving  over  them. 


Layout  of  Area  for  Vehicle  Parking  in  Valley  Forge 
State  Park,  Pa. 

landscaping  an  important  problem 

The  Westchester  Coimty  Park  Commission  has  found 
its  work  popularized  and  results  expedited  by  land- 
scaping and  finishing  the  parkways  with  its  own  forces 
immediately  after  construction.  In  the  heavy  grading 
the  slopes  are  not  left  with  unsightly  angles,  but  are 
flattened,  so  that  the  parkway  forces  can,  with  little 
additional  work,  ease  them  off  naturally  into  the  exist- 
ing topography.  Only  in  a  few  casei,  where  heavy  fills 
have  been  unavoidable,  is  there  any  impression  of  out- 
standing or  sharp  construction  lines.  On  the  other 
hand,  no  effort  is  made  to  keep  the  slopes  in  a  flat  plane; 
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they  are  rounded,  flattened,  or  worked  into  warped  sur- 
faces to  match  with  the  topoji;raphy,  mainfainino;  only 
the  general  direction  of  slope  required  by  drainage. 

In  the  finishing,  the  local  rc>sources  are  used  as  much 
as  possible.  Trees,  shrubs,  wild  flowers,  aiul  rock  ob- 
tained from  adjacent  land  in  or  without  the  parkways 
are  used  in  appropriate  ways.  White  birch  trees,  scat- 
tered through  the  woods,  are  taken  up,  reset,  and 
grouped.  Wild  flower  are  bedded  in  groups,  and  even 
the  connnon  sumach  was  observed  as  an  especially  good 
material  for  low  screening  purposes. 

Local  stone  has  been  used  for  structures  in  pi-eferencc 
to  a  better  quality  but  more  uniformly  colored  stone 
from  other  places.  The  variegations  of  the  local  stone 
are  much  preferred  to  the  flat  tones  of  even  colored 
granite  from  the  New  England  quarries  within  reach. 
Both  stones  have  been  tried  and  the  commission  now 
uses  granite  of  uniform  color  only  for  copes,  quoins, 
and  other  occasional  trim,  in  which  it  contrasts  pleas- 
antly with  the  uneven  and  inore  roughly  dressed  local 
stone. 

Besides  using  a  material  natural  to  the  landscape 
setting,  the  structural  designs  are  made  to  fit  each 
location.  Bridge  copes  are  not  always  symmetrical; 
where  the  situation  requires  it  one  side  is  raised  higher 
by  steps  to  meet  the  topogiaphy.  Flat  surfaces  are 
broken  with  pilasters  and  counterforts;  exposed  abut- 
ment faces  under  flat  arches  are  paneled  in  different 
colors.  Flat,  stepped,  battlemented,  and  random  coi)e 
is  freely  used,  often  in  the  same  structure,  and  the 
effect  is  pleasing.  The  flat  arch,  used  originally  to 
provide  clearance  at  the  sides,  has  been  developed 
satisfactorily,  and  is  unquestionably  less  tunnellike 
than  circular  arches. 

(Continued  on  p.  32) 
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A  MACHINE  FOR  MOLDING  LABORATORY  SPECIMENS 
OF  BITUMINOUS]  PAVING  MIXTURES 

Reported  by  J.  T.  PAULS,  Senior  Highway  Engineer,  Division  of  Tests,  Bureau  of  Public  Roads 

THE  STABILITY  of  a  pavement  and  the  resistance 
of  its  surface  to  raveling  are  important  factors 
under  present-day  traffic.  Present  methods  of 
designing  asphalt  paving  mixtures  are  not  certain  of 
producing  these  qualities.  If  the  aggregate  always  con- 
formed closely  in  size  and  grading  to  the  so-called 
"standard"  a  mixture  could  be  designed  on  the  basis  of 
past  experience  with  a  reasonable  assurance  that  it  would 
have  sufficient  stability  and  cohesion.  Unfortunately, 
the  grading,  size,  and  character  of  aggregate  available 
on  clifl'erent  jobs  are  variable  and  the  designs  adopted 
are  often  lacking  in  stability  or  resistance  to  raveling. 
It  should  be  an  important  function  of  a  bituminous 
laboratory  to  determine  in  advance  of  construction  the 
best  possible  combination  of  the  available  aggregates, 
filler,  and  asphalt.  The  work  being  done  in  various 
laboratories  in  developing  apparatus  and  tests  for  de- 
termining the  stability  of  asphalt  paving  mixtures  is  an 
important  step  in  this  direction. 

EARLY  METHODS  FOUND  UNSATISFACTORY 

In  any  laboratory  test  for  stability  the  method  of 
preparing  the  specimens  is  as  important  as  the  test 

itself.     It  should  be  such 

that   uniform  specimens 

of  predetermined  density 

can  be  prepared  through 

a  wide  range  of  practical 

values.    There  .should  be 

no  dift'erence  in  the  re- 
sults secured  by  dift'erent 

operators. 

In    recent    years    the 

bureau  has  been  making 

field    and    laboratory 

studies   of   the   stability 

of  bituminous  mixtures. 

In  the  earlier  lalioratory 

work  various  methods  of 

molding  specimens  were 

used,  the   earliest   being 

a  weighted  roller.     This 

machine  was  imsatisfac- 

tory  because  of  the  lack 

of     \miformity    in     the 

molded     specimen     and 

difficulty  of  duplication. 
Until    recently    the 

e  1  e  c  trie    h ammer    has 

been  used  as  illustrated 

for    compacting     speci- 
mens.'    Although     used 

for    some     time,     this 

method   was    not    satis- 
factory,  becau.se  of   the 

difficulty  in   duplicating 

specimens  and  in  con^- 
pacting  to  a  desired  density  and  void  content  with 
reasonable  accuracy.  Molding  by  direct  compression 
was  unsatisfactory  for  the  same  reasons.     It  proved 
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'A  detailed  description  and  the  method  of  operation  is  given  in  Public  Roads. 
vol.  6,  No.  4,  June,  1925. 
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.\n  Early  JMoldlnt,  Machine  of  the  Roller  Type 
WHICH  Proved  Unsatisfactory  Because  op  Lack  of 
Unifor.mity  i.v  the  Speci.mens 

very  difficult  to  compact  large  specimens  to  the  density 
found  in  road  surfaces.  Crushing  of  the  stone  particles 
often  occurred  in  compacting  the  coarse-aggregate 
mixes  to  the  higher  densities. 

NEW  MOLDING  MACHINE  DESCRIBED 

The  illustrations  and  Figure  1  show  a  molding  ma- 
chine developed  by  the  bureau  during  the  last  year.  It 
was  designed  primarily  for  molding  specimens  for  test 
in  the  roller  stability  machine,"  but  the  specimens  are 
suitable  for  other  types  of  stability  tests.  The  machine 
has  decided  advantages  over  apparatus  formerly  used  for 
this  purpose.  Specimens  of  different  mixtures  can  be 
molded  under  the  same  pressure  and  to  the  same  den- 
sity obtained  in  actual  paving.  Another  equally  im- 
portant advantage  is  that  specimens  of  desired  density 
and  void  content  can  be  prepared.  This  makes  it  pos- 
sible to  determine  the  sufficiency  of  rolling  on  any  as- 
phalt paving  project  by  comparing  the  density  obtained 
in  the  construction  with  the  maximum  density  obtain- 
able on  molded  specimens  using  the  same  materials  and 
l)roportions.  The  operation  of  the  machine  is  entirely 
mechanical,  thereby  eliminating  the  personal  equation 
of  the  operator. 

The  machine  is  designed  to  duplicate  the  compress- 
ing and  kneading  action  of  the  roller  actually  iised  in 
construction.  For  this  reason  a  heavy  unit  load,  ex- 
ceeding that  used  in  construction,  is  not  required  and 
crushing  of  the  aggregate  does  not  occur. 

The  machine  is  very  simple  in  design.  It  consists 
essentially  of  a  loading  arm  with  a  rocker  arm  attached, 
a  collapsible  steel  box  for  holding  the  specimen,  and  a 
driving  mechanism  by  which  the  box  is  moved  back- 
ward and  forward.  The  loading  arm  is  an  I-beam 
8  feet  long,  pivoted  at  one  end  and  loaded  with  lead 
weights  at  the  other.  The  load  is  transnutted  to  the 
specimen  by  means  of  a  rocker  suspended  18  inches  from 
the  fixed  end  of  the  beam.  The  rocker  is  a  built-up 
section  faced  with  a  segmental  circular  shoe  4  inches 
wide  and  8  inches  in  length,  having  a  radius  of  18  inches. 

'  2  This  machine,  which  is  described  in  Public  Roads,  vol.  7,  No.  10,  December, 
1926,  was  recently  rebuilt  to  eliminate  certain  objectionable  features  found  m  the 
design  illustrated. 
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The  collapsible  box,  in  which  the  specimen  is  formed, 
is  of  1-inch  machined  dteel  plates  and  rests  on  a  heavy 
■steel  plate,  which  is  supported  on  ball-bearing;  races. 
To  the  bottom  of  this  plate  is  attached  a  rack  and 
pinion,  which  provides  for  the  backward  and  forward 
movement  of  the  box  containing  the  specimen.  Oper- 
ation is  by  means  of  a  hand  wheel. 

The  vertical  stop  arrangement  shown  in  contact 
with  the  arm  is  a  rigidly  fixed  channel  with  an  adjust- 
able slow-motion  screw  at  the  top.  This  device  not 
only  regulates  the  thickness  and  density  of  the  speci- 
men but  also  insures  parallelism  of  the  top  and  bottom 
faces. 

NEW  MACHINE  IS  SIMPLE  IN  OPERATION 

In  molding  a  specimen,  the  necessary  quantity  of  the 
mix  (method  of  determination  explained  later)  is  heated 
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General  View  of  New  Machine 


SiDK  ciK  Mdi.dixo  Box  11io.m<jvkd  to  Show  .\I()I>iii,i>  >ri  ■  i\ii.\ 

to  the  jn-oper  temjiorature  and  placed  loosely  and  evenly 
in  the  mold.  A  steel  plate  is  placed  on  top  of  the  un- 
compacted  material  to  prevent  its  being  squeezed 
upward  at  the  ends  during  the  initial  compression.  The 
rocker  arm  is  lowered  on  the  plate  and  the  loading 
weights  are  applied  at  the  end  of  the  beam.  The  spec- 
imen is  then  rolled  l)ackward  and  forward  for  a  period 
of  about  one  minute.  The  plate  is  then  removed  and 
the  rocker  is  again  lowered.  The  process  of  rolling  is 
continued  until  the  stop,  which  has  been  set  to  give  a 
specimen  of  the  desired  thickness,  takes  the  load  over 
the  full  length  of  travel,  indicating  that  the  desired 
compression  has  been  obtained  throughout  and  that 
the  specimen  is  of  uniform  thickness.  The  time  re- 
quired to  mold  a  specimen  averages  about  five  minutes 
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Figure  1. — Detailed  Drawing  of  New  Machine  for  Moldinc;  .Vsimialt  Mixtures 
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but  varies  somewhat,  depending  upon  the  nature  and 
character  of  the  mix  and  the  compression  desired.  Any 
desired  load  may  be  used  witli  a  corresponding  time  of 
operation.  In  the  worlc  done  up  to  this  time,  a  load 
of  375  pounds  per  inch  width  of  specimen  has  been  used. 
This  conforms  closely  to  actual  construction  conditions 
and,  so  far,  has  proved  satisfactory. 

In  preparing  the  mix  to  be  molded  the  specific  gravi- 
ties of  the  materials  are  determined  in  the  usual  manner. 
From  these  values  the  maxinmm  theoretical  density  of 
the  mix  in  grams  per  cubic  centimeter  is  calculated 
from  the  following  equations  in  which  all  percentages 
are  by  weight. 

In  molding  specimens  of  mixtures  other  than  sheet 
asphalt  equally  satisfactory  results  are  obtained. 
Table  2  gives  the  results  secured  in  molding  a  bitu- 
minous   concrete    mix    composed    of    three-fourths    to 


one-eighth  inch  stone,  sand,  filler,  and  asphalt.  These 
results  are  characteristic  of  those  obtained  on  coarse 
aggregate  mixtures.  The  actual  voids  within  the 
specimens  (excluding  surface  voids)  are  slightly  lower 
than  those  planned  except  on  specimen  No.  1.  This 
is  probably  due  to  the  slight  lioneycombing  of  the 
surface  of  the  specimen  at  the  ends  and  sides. 

In  weighing  the  material  for  each  of  these  specimens 
no  allowance  was  made  for  the  decreased  amount  of 
material  required  because  of  the  surface  condition. 
Since  the  machme  formed  specimens  of  the  correct 
dimensions  the  material  which  should  have  filled  the 
surface  voids  caused  greater  density  in  other  portions 
of  the  specimen.  Closer  check  results  could  no- 
doubt  be  obtained  by  reducing  the  quantity  of  mix 
for  each  specimen  to  allow  approximately  for  the 
surface  voids. 


For  sheet  asphalt: 

(1)  A  =  _ 

Sp.  gr.  sand 

For  bituminous  concrete: 

(2)  D, 


100 

Percentage  sand     Percentage  filler    Percentage  A.  C. 
Sp.  gr.  filler  Sp.  gr.  A.  C. 


100 

Percentage  stone     Percentage  sand  ^  Percentage  filler     Percentage  A.  C 


Sp.  gr.  stone 


Sp.  gr.  sand 


Sp.  gr.  filler 


Sp.  gr.  A.  C. 


Having  determined  the  maximum  theoretical  density 
of  the  mix,  the  next  step  is  to  calculate  the  grams  of  mix 
necessary  to  make  a  molded  specimen  of  a  given  height 
and  void  content.     This  is  done  as  follows: 

Weight  of  mix  in  grams  required  =  J.  X  !>«  X  C, 

where  A  =  the  percentage  of  solid  material  in  the  speci- 
men— i.  e.,  100  per  cent  minus  percentage 

of  voids —  1 

J)(  =  the  maximum  theoretical  density  of  the  mix  '^'.'.W.'.'".'-'.'.'. 

in  grams  per  cubic  centimeter,  g^ — 

C=  volume  of    the  molded    specimen   in  cubic  zb/.V^/^/^^/". 

centimeters.  ^'' "" 


Table  2. — Comparison  of  desired  percentage  of  voids  and  actual, 
voids  obtained  for  specimens  of  asphaltic  concrete.  The  mix  con- 
tained 40  per  cent  stone  between  the  three-fourths  and  one-eighth- 
inch  size 


Desired 
voids 

Actual 

voids 

obtained 

3 

3.29 

4 

3.78 

4 

3.82 

4 

3.91 

5 

4.79 

5 

4.61 

5 

4.61 

Sample  No. 


4a. 
4b. 
5a. 
5b, 
6a. 
6b. 


Desired 
voids 


Actual 

voids 

obtained 


5.62 
5.58. 
6.24 
6.54 
7.90^ 

7.  le 


SPECIMENS    PRODUCED   OF  SATISFACTORY   UNIFORMITY   AND   OF 
DESIRED  VOID  CONTENT 

Table  1  gives  the  actual  void  content  obtained  in 
molding  specimens  of  a  sheet  asphalt,  compared  with 
the  respective  void  contents  desired.  The  results  agree 
closely  over  the  wide  range  of  voids  selected. 


Table  1. 


-Comparison    between  desired  percentage  of  voids  and 
actual  voids  obtained 


Sample  No. 

Desired 
voids 

Actual 

voids 

obtained 

Sample  No. 

Desired 
voids 

Actual 

voids 

obtained 

1 

3.0 
3.5 
3.5 
4.0 
4.0 
4.0 
4.5 
4.5 
5.0 
5.0 
6.0 
6.0 

3.03 
3.51 
3.42  ' 
4.17  1 
4  08 

7a 

7.0 

7. 18 

2a 

7b 

8a 

7.0 
8.0 
8  n 

7  18 

2b 

7  98 

3a 

8b 

8  13 

3b     . 

Oq                                 ion 

9  05 

3e 

4.00      Oh                                               9  0 

9  02 

4a -- 

4.55 
4.37 
5.10 
4  95 

10a- 10.0 

10b                                      '0  ri 

10  14 

4b- 

9  98 

5a 

Ua 

11.0 
11.0 
19  n 

10  90 

5b 

lib 

10  65 

6a    . 

G  13 

19Q 

19  26 

6b 

6  13    1   i9h                                        19  n 

12  32 

There  is  a  fairly  wide  difference  between  the  maxi- 
mum theoretical  density  and  the  maximum  practical 
density  under  field  conditions,  particularly  for  the  coarse- 
aggregate  type  mixes.  Aggregate  which  is  either  soft 
and  fragile  or  which  is  placed  in  an  improperly  designed 
mixture  will  crush  under  the  roller  before  the  maximum 
theoretical  density  is  obtained.  It  is  sometimes  desira- 
ble to  know  the  maximum  practical  density  of  a  mix 
of  this  type  and  it  is  believed  that  the  molding  machine 
can  be  used  to  make  this  determination.  As  shown  in 
Table  2,  the  voids  obtained  in  specimen  No.  1  exceeded 
the  amount  planned,  indicating  that  a  void  content  of  3 
per  cent  is  impractical  for  the  particular  materials 
and  proportions  used.  As  it  was  easily  possible  to 
reduce  the  voids  to  all  percentages  from  4  up  it  appears 
that  the  minimum  practical  void  content  for  this  mix- 
ture is  between  3  and  4  per  cent. 

A  comparison  of  the  results  obtained  in  molding^ 
specimens  2  by  4  by  8  inches  in  size  by  each  of  the  three 
methods  described  is  given  in  Table  3.  The  mix  in 
each    case    was    identical,    consisting    of    10    per   cent 
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asphalt,   12  per  cent  dust,   and  78  per  cent  sand  l\v 
weight. 

Table  3.- — Comparative  densities  and  voids  obtained  in  molding 
specimens  by  different  methods,  using  the  same  rni.r  and  same 
size  specimens  throughout 

[Maximum  theoretical  den.sity  of  the  mix  2.308] 

DIRECT  COMPRESSION  BY  TESTING  MACHINE 


Pounds 

Density 

Voids 

16,000 

1.  835 

20.49 

32,000 

1.901 

17.63 

48,000 

1.906 

14.82 

64,  000 

2.  007 

13.04 

80,  000 

2.  045 

11.39 

96,  000 

2.073 

10.18 

1  100,  000 

2.076 

10.05 

ELECTRIC   IIAA 

[MER 

Density 

Voids 

2.182 

5.4 

6 

2. 169 

6.0 

2 

2.165 

6.2 

0 

2.147 

6.9 

7 

NEW    MACHINE,   USING   LOAD    OF   APPROXIMATELYr375lPOUNDS 
PER  INCH  OF  WIDTH 


Density 

Voids 

2.218 
2.217 
2.216 

.3.90 
3.94 
3.99 

1  Limit  of  machine. 

In  molding  under  direct  compression,  using  a  xmiver- 
sal  testing  machine,  the  total  load  varied  from  16,000 
to  100,000  pounds,  equivalent  to  a  unit  load  of  500  to 
3,125  pounds  per  square  inch.  The  voids  obtained  by 
this  method  ranged  from  20.49  per  cent  for  the  light 
load  to  10.05  per  cent  for  the  heaviest.  These  values 
greatly  exceed  those  which  are  obtained  in  actual  con- 
struction. With  smaller  specimens  sufficiently  low 
voids  can  be  obtained  by  this  method  but  where  coarse 
aggregate  is  used,  crushing  often  occurs  particularly 
when  using  soft  materials. 

The  results  obtained  with  tlie  electric  hammer  on  a 
similar  mix  and  for  the  same  size  of  specimens  show  a 
variation  in  voids  ranging  from  5.46  to  6.97  per  cent, 
which  is  about  the  minimum  possible  with  this  method 
and  indicates  the  degree  of  uniformity  obtainable  by  a 
single  operator.  In  contrast  to  these  results  are  those 
obtained  ^\dth  the  new  molding  macliine  which  check 
very  closely. 

Tests  made  on  cores  taken  from  newly  laid  sheet 
asphalt  pavements  in  general  showed  higher  voids  in 
the  top  than  in  the  bottom  portion,  while  in  the  older 
pavements  the  reverse  was  found  to  be  true.  In  the 
few  cases  studied,  the  specimens  of  sheet  asphalt 
molded  with  the  new  molding  machine  had  slightly 
higher  density  at  the  bottom  than  at  the  top  (except 
at  the  corners),  thus  conforming  with  field  experience. 
Table  4  shows  the  density  at  the  lower  corners  to  be 
materially  lower  than  for  the  rest  of  the  specimen. 
However,  since  the  low  density  is  confined  to  such  a 
small  portion  of  the  specimen,  which  are  tested  in  the 
same  position  in  which  they  are  molded,  it  will  probably 
not  greatly  affect  their  value  for  test  purposes. 


PUNCHIXG    C0Ri:S   FROM   Sl-lJCl.M l';.\    .M()l,i)i:i)    i\    .nkw 

Machi.mo 


CoRE.s  Punched  from  AIoli)?;!)  8i'ECIme.\  to  be  Tested  i.n 
THE  Hl'I!B.\ri)-Field   Machine 

MACHINE  USEFUI,  FOR  VARIOUS  TESTS 

The  molding  macliine  was  developed  i)rimiirily  for 
preparing  specimens  of  various  ty])es  of  paving  mix- 
tures for  testing  in  the  roller  stability  machine,  but  its 
use  is  not  limited  to  that  purpose.  It  has  proved 
valuable  in  connection  with  the  Hubbard-Field  sta- 
bility test  on  fine-grain  mixtures.  Three  cores  suitable 
for  this  test  may  be  obtained  from  each  of  the  molded 
specimens.  The  advantages  of  obtaining  cores  in  this 
manner  are  that  they  are  uniform  in  character  and  the 
density  and  voids  can  be  controlled  .'^o  that  their  effect 
and  that  of  other  factors  may  be  readily  studied.  Illus- 
trations show  how  cores  for  use  in  this  test  nra  taken 
from  the  molded  specimens. 
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Table  4. — Showing  variation  in  density  of  specimens  molded  ivith 
the  new  machine,  using  a  tnixture  having  a  maximum  possible 
density  of  2.338 


Den- 
sity of 
speci- 
men ' 

Density  of  ttie  portions 

Speci- 
men 

Top 

Bottom 

1 

1 
2 

3 

4 

5 

6 

7 

8 

1 

2. 

3 

2.187 
2.189 
2  173 
2.193 
2.200 

2.192 
2.194 
2.188 
2.186 
2.241 

2.192 
2.  187 
2.193 
2.187 
2.221 

2.193 
2.199 
2.189 
2.195 
2.212 

2.052 
2.  055 

2.198 
2.191 

2.194 
2.198 
2.194 
2.207 
2.240 

2.190 

2.179 

2.013 
2.031 

4, 

6 

2.019 

2.: 

2.178 
!18 

2.180 
2. 

2.U15 
192 

'  No  attempt  was  made  to  obtain  maximum  density. 

In  the  design  of  typos  of  surfacing,  using  bituminous 
materials  applied  cold,  it  is  often  desirable  to  make  a 
preliminary  study  of  the  effect  of  such  factors  as 
character  and  quantities  of  bituminous  material, 
grading,  and  size  of  aggregates,  rate  of  hardening  of 
the  mix,  etc.  This  can  very  often  be  done  to  advantage 
by  molding  specimens  in  tlie  laboratory  and  observing 
their  behavior. 

It  is  not  expected  that  this  particular  machine,  as 
now  designed,  will  prove  adaptable  to  all  the  different 
types  of  stability  test  now  used  by  different  labora- 
tories. However,  it  is  beheved  that  the  principle  of 
this  machine  is  highly  satisfactory  and  that  with  slight 
modifications  its  use  can  be  widely  extended  and 
should  prove  a  valuable  adjunct  to  any  bituminous 
laboratory. 

INTERNATIONAL  ASSOCIATION  OF  ROAD  CON- 
GRESSES ANNOUNCES  ESSAY  CONTEST 

The  following  announcement  is  reprinted  from  the 
Bulletin  of  the  Permanent  International  Association 
of  Road  Congresses: 

The  last  triennial  prize  wa.s  awarded  at  tlie  fourth  congress- 
held  at  Seville,  May,  1923.  In  accordance  with  the  deci.sions 
taken,  the  6th  of  September,  1926,  and  the  30th  of  June,  1928, 
by  the  Permanent  International  Commission,  the  next  prize  will 
be  awarded  during  the  .sixth  congress,  which  will  be  held  in 
Washington  in  October,  1930. 

This  prize  consists  in  the  sum  of  4,500  francs  (approximately 
$175). 

The  conditions  for  entering  this  competition  are  as  follows: 

(a)  The  jury  will  award  the  jirize  to  the  author  of  the  most 
remarkable  study  or  essay  submitted  for  encouraging  construc- 
tion progress,  maintenance,  and  exploitation  of  the  road  and  for 
facilitating  traffic. 

(6)  It  is  obligatory  that  the  authors  be  members  of  the  Per- 
manent Association  of  Road  Congresses  for  at  least  six  months 
and  their  inscription  can  not  be  subsequent  to  March  1,  1920. 


(Continued  from  p.  27) 

With  all  this  departure  from  established  engineering 
lines,  always,  of  course,  for  the  purpose  of  obtaining 
beautiful  eft'ects,  the  merely  novel  finds  no  satisfactory 
place.  In  two  instances  masonry  bridges  have  been 
built  with  the  outlines  of  suspension  bridges,  and  these 
designs  have  resulted  in  nothing  but  deserved  failure, 
adnutted  frankly  by  the  commission's  engineer  as 
unfortunate  mistakes. 

The  presence  of  a  brook  or  small  stream  in  a  parkway 
is  assuredly  an  asset  from  the  point  of  beauty.  By  a 
very  simple  treatment  of  dredging,  filling,  and  intro- 
ducing small  weirs,  all  shallows  and  marshy  areas  are 
at  once  eliminated,  a  clear  demarcation  set  between 
water  and  dry  land,  and  the  stream  lines  are  varied  by 
broadening  and  contracting  the  channel. 

A  distinctive  and  very  pleasing  feature  of  Forest 
Park,  Springfield,  Mass.,  is  the  development  of  basins 
and  the  use  of  aquatic  plants  as  well  as  land  plants  for 
pleasing  effects.  Even  the  common  cat-tail,  as  well 
as  delicate  Egyptian  and  Phoenician  lotus,  is  there 
used  efl'ectively. 

The  final  points,  (J.)  and  (m),  relating  to  tangents, 
curvature,  and  grading  are  important  in  their  applica- 
tion to  parkway  construction.  The  constant  rather 
sharp  curvature  in  some  places  in  Westchester  is  un- 
desirable as  observed,  and  the  introduction  of  curvature 
is  carried  to  extremes,  certainly  at  some  points.  It 
has  been  done,  doubtless,  in  the  interests  of  landscaping. 
On  the  other  hand,  it  rec^uires  no  expert  qualities  to 
determine  that  long,  unbroken  tangents  are  ugly  and 
undesirable  except  on  an  intended  speedway.  They 
are  to  be  avoided  rather  than  sought,  and  where  used 
shoidd  be  relieved  by  some  vistas  that  convert  them 
into  attractions. 

The  widening  of  cuts  excessively  to  get  earth,  in- 
stead of  deepening  them  and  of  reducing  fills  by  curva- 
ture, has  the  general  effect  of  leaving  the  land  largely 
unmarred  and  enables  the  landscape  forces  to  disguise 
and  conceal  construction  lines.  Reducing  the  gradient 
of  side  slopes  to  angles  below  that  of  repose  largely 
prevents  slipping,  washing,  and  weathering,  and  plant- 
ing and  growth  of  vegetation  are  facilitated. 

The  members  of  the  Permanent  International  Commission  are 
disqualified  from  entering  this  competition. 

(c)  The  essays  must  be  in  the  hands  of  tlie  general  secretary 
of  the  association  in  Paris,  1,  Avenue  d'lena,  before  April  1,  1930. 

If  the  essays  are  written  in  any  language  other  than  German, 
English,  or  French,  the  original  must  be  accompanied  by  a  good 
translation  in  any  of  the  aforesaid  languages. 

(rf)  The  essays",  handwritten  or  typewritten,  must  bear  a  date, 
must  not  be  signed,  but  bear  a  mark  without  the  author's  name. 
The  surname,  proper  name,  attributes,  and  domicile  must  be 
placed  in  a  sealed  envelope,  with  the  aforesaid  mark  plainly 
written  on  it,  and  the  whole  sent  to  the  general  secretary  in  a 
registered  envelope. 

(e)  The  essay  winning  the  prize  will  be  published  by  and  at 
the  expense  of  the  association  under  the  terms  fixed  in  the  first 
article  of  the  regulations. 

In  case  this  essay  has  already  been  published,  the  author  shall 
give  the  associations,  gratuitously,  the  necessary  authorization. 

The  amount  of  the  prize  will  be  paid  to  the  winner  only  after 
this  publication,  and  25  copies  in  each  of  the  languages  ad- 
mitted by  the  association  for  its  putjlications  shall  be  placed  at 
the  disposal  of  the  author. 

With  regard  to  the  nonwinning  manuscripts,  the  association 
reserves  the  right  to  puljlish  them,  partially  or  in  extenso,  under 
the  conditions  fixed  in  the  first  article  of  the  regulations. 

(/)  The  result  of  the  competition  shall  be  proclaimed  at  the 
meeting  held  by  the  Permanent  International  Commission  at  the 
opening  of  the  Sixth  International  Congress  of  the  Road  (1930). 


SOME  ASPECTS  OF  FLOW  OF  WATER  AROUND  BENDS 

AND  BRIDGE  PIERS ' 

By  D.  L.  YARNELL,  Senior  Drainage  Engineer,  Bureau  of  Public  Roads,  U.  S.  Department  of  Agriculture 

Tests  were  iiiiide  with  the  cliaiiiiel  flowiiij:;  full  iiiuh^r 
some  pressure  aiul  also  partly  lull.     The  expeiiineuts 


LJYDRAULIC  RESEARCHES  on  the  flow  of  water 
around  bends  have  been  conducted  for  the  last 
three  years  at  the  Indraulic  laboratory  of  the  Uni- 
versity of  Iowa  by  the  university  in  cooperation  with 
the  Bureau  of  Public  Roads.  The  investig-ation  was 
undertaken  to  deterniine  the  laws  governing  the  changes 
in  pressure  and  velocity  in  different  parts  of  a  flowing 
stream  as  the  moving  water  undergoes  the  transition 
from  motion  along  a  straight  line  to  motion  around  a 
bend,  and  again  as  it  undergoes  the  opposite  transition 
back  to  a  straight-line  motion.  This  condition  of  tran- 
sitional flow  exists  whenevei'  water  flows  in  a  crooked 
channel  or  whenever  moving  water  meets  a  bridge  pier 
or  any  other  form  of  obstruction. 


Figure  1.— Determining  Velocity  Distribution  with  Pitot 
Tubes 

The  apparatus  for  the  tests  consisted  of  a  tank  5  l)y 
5  feet  in  horizontal  cross  section  and  8  feet  deep,  an 
approach  channel  26  feet  long  leading  from  the  tank 
to  the  bend,  a  180°  bend  with  a  5-inch  inner  radius, 
and  a  discharge  channel  30  feet  long.  The  bend  and 
the  two  channels  were  10  inches  square. 

The  bend  and  8  feet  of  each  of  the  approach  and  dis- 
charge tangents  next  to  the  bend  were  made  of  trans- 
parent material  so  that  studies  might  be  made  of  the 
direction  of  flow  of  various  particles  of  water  in  moving 
around  the  bend.  A  small  steel  frame,  10  inches  scjuare, 
was  built  and  lined  with  transparent  pyralin,  or  cellu- 
loid. Some  300  piezometric  connections  were  made  in 
the  apparatus  so  as  to  study  the  changes  in  pressure  as 
the  water  flows  around  the  bend.  A  comparison  of 
velocities  at  various  points  was  essential  to  the  investi- 
gation, and  special  Pitot  tubes,  made  and  calibrated  in 
the  laboratory,  were  used  in  the  tests. 

A  view  of  the  bend  showing  the  men  taking  velocity 
measurement,  and  also  showing  part  of  the  300  jiiezom- 
eter  connections,  is  given  in  Figure  1 . 

'  Paper  presented  before  the  Frderation  of  Engineering  Societies  of  Minnesota  on 
Feb.  22. 


included  studies  willi  vmiform  velocity  disti'ihutiou, 
and  also  with  non uniform-velocity  distribution  in  the 
channel  approaching  the  bend. 

A  complete  exjx^riment  for  one  quantity  of  flow  re- 
quired the  measvn-ement  of  pressures  at  300  dilVei-ent 
points,  the  recording  of  velocities  at  700  did'erent 
points  in  the  two  tangents  and  the  bend,  as  well  as 
studies  on  the  direction  of  flow.  A])proximately  45 
man-hours  were  recpiiicd  to  collect  the  necessary  data 
for  one  experiment. 

TESTS  SHOW  SPIUAI,  MOTION  OF  WATER   AT  ItENOS 

Tliis  paper  discusses  only  one  phase  of  the  investiga- 
tion— the  direction  of  flow  of  the  various  particles  of 
water  in  moving  around  a  bend. 

Let  us  consider  the  case  when  there  is  uniform  velocity 
distri])ution  in  the  channel  approaching  the  bend. 
When  such  a  condition  oc- 
curs the  water  in  the  bottom 
part  of  the  bend  will  rotate 
counterclockwise,  while  the 
water  in  the  top  pai't  of  the 
bend  will  rotate  clockwise,  as 
shown  in  Figure  2.  Assum- 
ing such  a  condition  of  flow 
exists,  if  several  yai-ns  at- 
tached to  a  pin  ai-e  placed  in 
the  channel  next  to  the  out- 
side wall  the  yarns  should 
diverge,  whereas  if  jilaced 
next  to  the  inside  wall  they 
should  converge.  That  such 
a  condition  prevails  is  illus- 
trated in  Figure  3,  which  is 
composed  of  11  separate  pic- 
tures taken  of  yarns  attached 
to  pins  and  ])lace(l  at  various 
distances  from  the  outside 
wall  of  the  channel. 

Where  the  friction  along  tlie  bottom  of  the  channel  is 
greater  than  along  the  top  the  greatest  velocity  would 
be  along  the  top  and  the  lowest  velocity  along  the 
bottom  of  the  channel.  With  this  velocity  distribu- 
tion in  the  channel  approacliing  the  bend,  the  water 
takes  a  single  spiral  or  helical  motion  in  addition  to  its 
forward  motion  in  flowing  around  the  bend.  This 
spiral  motion  is  counterclockwise  as  shown  in  Figure  4. 
Thus  the  yarns  next  to  the  outside  wall  will  deflect 
downward,  whereas  those  next  to  the  inside  wall 
will  tip  upward.  This  is  illustrated  in  P'igur(>s  5 
and  6. 

The  spiral  motion  shown  in  Figures  5  and  (i  exists  at 
the  bends  of  rivers  and  is  the  cause  of  the  erosion  along 
the  oiiter  bank.  The  downward  motion  of  the  water 
rolls  the  particles  of  soil  to  the  bottom  of  the  channel, 
from  whence  they  are  carried  diagonally  toward  the 
inner  bank.     The  highest  velocity  of  water  is  not  along 
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Figure  2. — Nor.vial  Con- 
dition OF  Spiral  Flow- 
Detected  IN  Closed 
Channel  Bend.  Double 
Spiral  in  Channel 
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BOTTOM    OF  CHANNEL 
6  "  5  '"  4  " 
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DISTANCE    FROM  OUTSIDE  WALL  -  IN    INCHES 

Figure  3. — Determining  Spiral  Flow  by  Means  of  Yarns  in  180°  Closed  Channel  Bend  with  5-inch  Inner 
Radius.  Channel  10  Inches  Square.  View  is  Composed  of  11  Separate  Pictures  Taken  of  Yarns 
Attached  to  Wires  and  Placed  at  Various  Distances  from  Outside  Wall 


Figure  4. — Normal  Condi- 
tion of  Spiral  Flow  in 
Bend  of  River  or  in 
Closed  Channel  Bend  in 
which  the  Friction  is 
Greatest  AT  THE  Bottom 
OF  THE  Channel  Ap- 
proaching THE  Bend 


the  outer  bank,  as  commonly 
supposed,  but  is  along  the 
inner  bank. 

A  practical  demonstration 
of  this  spiral  motion  of  water 
in  flowing  around  a  bend  can 
easily  be  made.  Take  a 
glass  of  water  and  put  in  it 
two  teaspoons  of  sugar. 
Then  stir  the  water  and 
notice  how  the  sugar  collects 
near  the  center  at  the  bot- 
tom of  the  tumbler.  This 
phenomenon  is  due  to  the 
imbalanced  centrifugal  force 
and  spiral  motion  set  up  in 
the  water.  When  theliciuid 
is  set  in  rotation  by  stirring, 
centrifugal  force  produces  a 
greater  hydrostatic  pressiu'e 
near  the  walls  of  the  tumbler. 
But  the  lic[uid  very  close  to 
the  bottom  surface  of  the 
tumbler,  because  of  fric- 
tion, can  not  rotate  so  fast, 
and  thus  the  centrifugal  force  is  not  so  great  and  hence 
■does  not  counteract  the  radial  hydrostatic  pressure. 
The  liquid  in  contact  with  the  bottom  of  the  tum- 
bler is  thus  forced  inward  and  carries  the  sugar  with  it. 
It  is  believed  that  the  erosion  at  bridge  pier  noses  is 
■due  to  a  similar  action.  This  spiral  motion  is  greatest 
during  flood  stages.  It  is  difficult  to  measure  ac- 
curately the  actual  depth  of  the  eroded  section  around 
pier  noses,  since  the  flood  waters  during  their  subsidence 
tend  to  silt  up  the  pockets  wliich  were  scoured  out  by 
the  rising  waters. 

Tests  were  also  made  with  various  other  conditions 
of  velocity  distribution  in  the  approach  channel  to  the 
bend  and  studies  made  of  the  spiral  nrotion  of  the  water 
in  the  bend.  These  researches  are  to  be  reported  later. 
There  are  several  possible  applications  of  this  knowl- 
edge of  the  spiral  motion  of  water  in  bends.  It  will  be 
useful  in  the  design  of  bridge  substructures  and  stream- 
control  structures.  In  pipe  bends  the  spiral  motion 
represents  a  loss  of  head,  and  where  it  is  possible  to 
straighten  out  the  direction  of  flow  of  the  filaments  of 
water  there  should  be  an  increase  in  efficiency.  Quarter 
■  turn  draft  tubes  are  now  designed  with  guide  vanes  in 
the  bend,  so  as  to  make  the  water  flow  in  a  straight 


direction  as  well  as  to  reduce  eddy  losses.  In  a  large 
generating  plant  in  Chicago  a  90,000  kilowatt  steam 
turbine  has  sharp  90°  bends  equipped  with  blade  turns 
designed  especially  to  reduce  the  spiral  motion  and  con- 
sequent eddy  losses. 


DISTANCE 


m     INCHES    FROM 

'4       £4 


inside  wall 
3e  4-1 


bottom  of  channel 

Figure  5. — Determining  Spiral  Flow  by  Means  of 
Yarns  in  180°  Closed  Channel  Bend  with  5-inch 
Inner  Radius.  Friction  is  Greater  at  the  Bot- 
tom than  at  the  Top.  Channel  5  Inches  Wide 
BY  10  Inches  Deep.  View  is  Composed  of  Five 
Separate  Pictures  Taken  of  Yarns  Attached  to 
Wires  and  Placed  at  Various  Distances  from 
Inside  Wall 


INSIDE      CENTER    OUTSIDE 


INSIDE      CENTER    OUTSIDE 


SECTION    17  SECTION    15 

Figure  6. — Determining  Spiral  Flow  by  Means  of 
Yarns  in  180°  Closed  Channel  Bend  with  5-inch 
Inner  Radius.  Friction  is  Greater  at  the  Bottom 
than  at  the  Top.  Channel  5  Inches  Wide  by  10 
Inches  Deep.  Section  15  is  45°  and  Section  17,  135° 
FROM  Beginning  of  Bend.  The  View  for  Each  Sec- 
tion is  Composed  of  Three  Separate  Pictures 
Taken  of  Yarns  Attached  to  Wires  Near  Out- 
side, Middle,  and  Inside  of  Channel 
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Reported  by  C.  A.  HOGENTOGLER,  Senior  Highway  Engineer,  and  CHARLES  TERZAGHI,  Research  Consultant,  U.  S.  Bureau  of  Public  Roads 


An  examination  of  existing  data  makes  clear  that 
attempts  to  explain  pavement  condition  on  the  basis 
of  subgrade  soil  types  and  the  results  of  soil  tests,  or 
attempts  to  utilize  in  practice  the  information  furnished 
by  soil  tests  or  by  investigations  of  soil  types  must, 
of  necessity,  restilt  in  confusion  unless  there  exists: 
First,  a  clear  imderstanding  of  the  subgrade  properties 
which  influence  pavement  behavior;  second,  a  definite 
conception  of  basic  pavement  characteristics;  and 
third,  a  knowledge  of  the  significance  of  subgrade  soil 
tests. 

One  should  know  the  sub- 
grade  properties  which  are 
due  primarily  to  the  raw 
constituents  of  the  soils; 
which  are  dependent  pri- 
marily upon  soil  structure; 
and  those  which  are  due 
to  field  conditions  imder 
which  soils  exist. 

One  should  be  able  to 
distinguish  between  defec- 
tive pavement  conditions 
which  are  caused  entirely 
by  the  character  of  sub- 
grade  support,  those  which 
are  caused  only  in  part  by 
the  character  of  the  sup- 
port, and  those  which  occur 
independently  of  subgrade 
conditions.  One  should  also 
have  a  conception  of  the  in- 
dividual conditions  of  sub- 
grade  support  which  pro- 
duce particular  conditions  in  the  pavement;  the  relative 
influence  which  similar  subgrade  conditions  exert  upon 
pavements  dift'erent  in  type ;  the  influence  which  pave- 
ment design  and  construction  exert  upon  pavement 
behavior;  and  the  pavement  conditions  which  represent 
ultimate  failure. 

One  should  know  the  soil  characteristics  disclosed 
by  a  particular  group  of  laboratory  test  results;  the 
individual  raw  constituents  which  cause  the  soil  to 
exhibit  particular  physical  properties;  the  relative 
influence  wliich  the  arbitrary  test  procedure  and  the 
physical  characteristics  of  the  raw  constituents  of  soils 
exert  upon  the  results  furnished  by  laboratory  tests; 
and  finally,  the  extent  to  which  the  physical  manifesta- 
tions disclosed  by  laboratory  tests  serve  to  explain  the 
behavior  of  soils  when  subjected  to  field  conditions. 

The  information  furnished  by  subgrade  investiga- 
tions in  their  present  status  suggests  the  logical  courses 
to  follow  in  the  performance  of  new  research  and  the 
benefits  furnished  by  subgrade  and  pavement  data 
when  used  in  practice. 

In  presenting  their  material,  the  authors  discuss  first 
the  results  of  completed  research  in  conjunction  with 
the  information  fiu'nished  by  the  highway  engineer's 
every-day  experience.  Then  follows  a  discussion  of 
the  theory  which  explains,  at  least  in  part,  the  behavior 
of  the  different  subgrades  under  load.     Finally,  comes 
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THE  disc•ll.s^^ioM  and  c-oncliisicjiis  which  coiuiiriso  tliis 
report  are  intended  to  ilhistrate  tlie  possiljilities  of 
utilizing  soil  and  pavement  data  as  a  guide  to  the 
selection  of  the  proper  pavement  type  and  the  i)roi)er 
design  of  the  type  selected.  It  is  also  intended  to  point  out 
how  a  knowledge  of  the  primary  subgrade  soil  characteris- 
tics considered  with  that  of  tlie  different  pavement  jjrop- 
erties  may  prevent  the  engineer  from  specifying  one  type 
of  pavement  when  conditions  will  not  permit  of  its  ade- 
quate construction  or  operation;  from  increasing  pavement 
thickness  in  an  attempt  to  eliminate  troubles  not  caused 
by  lack  of  thickness;  from  attempting  to  cure  structural 
defects  by  improving  the  wearing  course;  from  attempting 
to  prevent  abrasive  troubles  by  improving  the  structural 
resistance;  from  attempting  to  estimate  the  comparable 
service  values  of  rigid  and  noiu'igid  pavements  for  condi- 
tions which  clearly  indicate  the  necessity  for  pavements 
furnishing  higli  lo;id  distribution;  from  supplying  only 
cohesion  when  friction  also  is  required  and  vice  versa;  and 
from  improving  the  subgrade  to  prevent  troubles  resulting 
from  improper  design,  construction  or  maintenance  of  the 
jjavement.  In  all  cases,  the  underlying  causes  of  trouble 
should  be  determined  and  the  remedy  should  be  selected 
with  regard  to  the  causes. 


an  application  of  tli(>  results  of  research  to  the  design 
of  roads. 

The  report  is  intended  to  disclose  the  relative  load 
distribution  furnished  by  several  pavement  types  and 
the  influence  exerted  by  pavement  characteristics  and 
subgrade  conditions  upon  pavement  behavior;  to 
inform  one  of  the  variables  which  cause  certain  par- 
ticular conditions  of  subgrade  support;  to  suggest  a 
grouping  of  subgrades  according  to  performance;  to 
present  a  theory  to  explain  the  stability  of  subgrades, 
foundations,    and    pavements    of    certain    types;     to 

describe  the  functions  of 
the  various  pavement  va- 
riables and  point  out  how 
to  employ  the  difi'erent 
pavement  variables  prop- 
erly with  respect  to  sub- 
grade  conditions. 


LOAD  DISTRIBUTION  BY  DIF- 
FERENT TYPES  OF  PAVE- 
MENTS  DISCUSSED 

For  the  purpose  of  this 
discussion,  road  surfaces 
are  divided  into  those 
which  offer  very  little  or 
no  resistance  against  bend- 
mg  (flexible  types,  includ- 
ing macadam)  and  those 
which  have  appreciable 
"beam"  strength  (con- 
crete roads,  etc.). 

Both  field  and  laboratory 
observations   demonstrate 
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-Pkessuhe  Distribution  Theouoii  V.Miious 
Types  of  Road  Surface 


that  new  water-bound  macadams,  as  compared  with 
rigid  types,  afford  relatively  small  load  distribution. 
The  curves  (fig.  1)  resulting  from  tests  at  the  Arlington 
Experiment  Station  (ly  show  that  a  load  placed 
directly  on  a  concrete  slab  (8  feet  square)  exerts  a  imit 
pressure  on  a  clay  subgrade  equal  to  but  one-eighth  of 
that  e.xerted  by  the  same  load  when  placed  directly  on 
a  crushed  stone  layer  of  equal  area  and  thickness. 
The  same  experiments  indicate  that  a  load  jilaced  on  a 


1  References  to  the  bibliography  at  the  end  of  the  article  are  indicated  by  an  italic 
numeral  inclosed  in  parentheses. 
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concrete  slab  4  inches  thick  exerts  a  unit  pressure  upon 
a  chij'  base  ecj^ual  to  that  exerted  by  the  same  load  when 
placed  on  a  crushed  stone  layer  42  inches  thick. 

The  curves  (fio;.  1)  residtino-  from  the  Bates  tests 
show  that  a  load  ])laced  on  a  full  size  concrete  pave- 
ment slab  S  inches  thick  exerts  a  unit  pressure  on  the 
subgrade  equal  to  but  one-tenth  of  that  exerted  by  the 
same  load  when  placed  upon  a  fidl-size  pavement  com- 
posed of  a  3-inch  brick  top,  a  2-inch  mastic  cushion, 
and  a  macadam  base  8  inches  thick  {2,  3).  In  the 
Arlington  experiment  the  load  when  placed  on  the 
macadam  surface  was  distributed  over  an  area  4  feet 
in  diameter,  and  wdien  ]:)la('ed  on  the  concrete  was 
distributed  over  an  area  ecjual  to  that  of  the  entire  slab 
(8  by  8  feet).  In  the  field  experiment  the  distance  of 
load  distribution  was  measured  only  in  a  longitudinal 
direction.  When  placed  \ipon  the  concrete  pavement, 
the  load  was  distributed  through  a  distance  extending 
more  than  8  feet  each  side  of  the  point  of  application 
and,  when  placed  upon  the  brick  pavement,  the  load 
was  distributed  through  a  distance  extending  but  2 
feet  each  side  the  point  of  application. 
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Figure  2. 


-Surface  Failure  in  a  Bituminous  Treated 
Traffic-Bound  Road 


the  two  pavements  may  be  larger  or  smaller  depending 
upon  the  bearing  value  of  the  subgrade. 

When  for  instance  l)oth  pavements  are  laid  on  solid 
rock  subgrades  they  will  support  loads  of  equal  weight. 
When  in  contrast  the  pavements  are  raised  by  frost 
heave  mounds,  say  about  5  feet  apart,  so  that  the 
intervening  portions  have  no  support  whatever,  the 
macadam  pavement  will  fail  due  to  its  own  weight. 
The  concrete  pavement,  however,  will  not  only  support 
its  own  weight  but  in  addition  will  carry  appreciable 
load.  Thus  the  load  capacity  of  both  the  concrete  and 
the  macadam  may  be  api^roximately  ecpial  on  subgrades 
furnishing  exceptionally  high  su])port.  As  the  sub- 
grade  becomes  softer  and  softer,  however,  the  greater 
becomes  the  difference  between  the  load  capacity  of 
these  two  pavements. 

Thus  relative  load  distribution  disclosed  by  experi- 
mental results  does  not  necessarily  reflect  the  relative 
efficiency  of  the  macadams  and  the  concrete  pavements 
when  subjected  to  service  conditions.  Furthermore, 
the  crushed  stone  sections  used  in  the  Arlington  tests 
were  not  true  macadam  surfaces  due  to  their  construc- 
tion while  the  macadams  in  the  Bates  tests  were  new 
and  had  not  been  compacted  by  traffic. 

"BEAM"  STRENGTH  AN  IMPORTANT  FACTOR 

The  jjresence  of  this  property  in  rigid  slabs  and  its 
absence  in  macadam  accounts  for  the  difference  in  load 
distribution  afforded  by  the  two  types  of  pavement. 
That  mixed  bituminous  pavements  also  do  not  possess 
"beam"  strength  is  indicated  by  their  inability  to  appre- 
ciably retard  cracking  due  to  load  in  rigid  bases  as  shown 
in  the  Arlington  tests  (4)  and  the  Bates  Koad  tests. 

An  analysis  of  bulletins  Nos.  1  to  7  issued  by  the  State 
of  Illinois  during  the  progress  of  the  Bates  Road  tests 
furnishes  the  data  contained  in  Table  1.  According  to 
this  table,  neither  the  presence  of  bituminous  tops  nor 
the  thickness  of  the  bituminous  tops  exerted  a  consistent 
influence  upon  either  the  intensity  of  load  required  to 
produce  the  first  corner  crack  nor  the  number  of  corner 
cracks  per  unit  length  of  pavement  which  occurred 
subsequently  in  slabs  thicker  than  4  inches.  The 
extent  of  breakage,  however,  was  very  much  reduced 
by  the  presence  of  a  bituminous  top,  was  less  for  the 
thicker  than  for  the  thinner  tops,  and,  other  things 
being  equal,  it  was  less  in  the  slabs  made  from  rich 
mixes  than  in  shil)s  made  from  lean  mixes. 

Table  1. — Behaviur  uf  concrete  pavement  sections  with  and  with- 
out Topeka  tops  when  subjected  to  truck  ivheel  loads  of  2,500  to 
8,000  pounds,  inclusive.      (Based  on  reports  on  Bates  Road  tests) 


Length 


Thick- 
ness 


Mi.x 


These   tests   disclose   basic   pavement   properties   as  no. 

follows:   (1)   Wheel  loads  may  be  spread  over  much 

larger  areas  by  concrete  slabs  than  by  crushed  stone  

courses  or  macadams  of  equal  thickness  and  (2)  con- 
crete slabs  equal  in  area  to  that  over  which  macadams  15^...;;:; 

of  equal   thickness  distribute  wheel  loads  transmit  a  \l 

lower  maximum  unit  pressure  to  the  subgrade  than  the  12-A::::: 

macadams.     This  is  because  the  total  pressure  exerted  is:::::::; 

upon  the  subgrade  is  distributed  more  uniformly  imder  H - 

concrete  slabs  than  under  macadams.  52:::::::: 

The  fact  that  the  ])ressure  transmitted  through  one  19:::::::: 

pavement    was    about    five    times    that    transmitted  l\ 

through  the  other  is  of  minor  importance,  being  signifi-  

cant    only    for    the    particular    conditions    of    test.       The  ■  with  admi.\tures  of  hydrated  Ume,  7  per  cent. 

difl:erence    between    the    pressures    transmitted    through  ,„;i°^''"de«  o°«  ""^-"Plaine.i  comer  break  e  inches  by  O  inches  caused  by  2,500-pound 


Feet 
100 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 


Concrete 


hiches 
4 
4 
4 
4 
4 
5 
5 
5 
5 
6 

« 
fi 
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1:2:3H 
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1:2:3M 
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1:3:5 
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i     Load 
Thickness  at  which 


of  bitu- 
minous 
top 


first 

corner 

crack 

occurred 


Inches 

None.. 
3 

3- 
2 
2 

None. 
3 
2 
2 

None. 
2 
2 

None. 
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Pounds 
4,500 
5,500 
5,500 
5,500 
5,500 
8,000 
5,500 
8,000 
6,500 
8,000 
8,000 
8,000 
0,500 
6,500 


Number 

of  corner 

cracks 

per  200 

feet  of 

length  of 

pavement 


Percent- 
age of 
pavement 
requiring 
replace- 
ment 


85.0 
2.3 
5.5 
14.5 
18.1 
49.0 

0.  y 
1.0 
2.3 
3.0 

1.  1 
1.3 
1.8 
1.0 
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Additional  observations  show  that  the  presence  of 
"beam"  streng-th  increased  the  resistance  of  pavements 
to  ultimate  failure.  At  Arliiiy;ton  (5),  the  load  which 
caused  failure  in  a  concrete  slab  4  inches  thick  and  7 
feet  scjuare  produced  the  same  effect  in  a  cement- 
grout  filled  l)rick  slab  (4  inches  thick)  when  supported 
by  a  crushed-stone  base  12  inches  thick.  In  the  Bates 
tests,  the  brick  pavement  on  a  macadam  base,  referred 
to  in  Figure  1  previously  described,  failed  under  3,500- 
pound  wheel  loads  and,  contrasted  with  this,  the  cor- 
responding concrete  pavement  section  withstood  15,000- 
pound  wdieel  loads  without  showing  tmy  evidence  of 
distress. 


During  tho  winter,  following  the  application  of  grainilar 
material,  traflic  pounds  tlio  initial  layer,  about  4  inches  (hick, 
clown  into  the  suligrade  to  an  extent  whicli  indicates  a  total  loss 
of  material.  The  belia\  ior  of  an  additional  4  inches  of  graiudar 
material  applied  .subseciuently  shows  that  instead  of  being  wasted, 
the  initial  layer  served  to  increase  the  subgradc  suf)port  to  an 
extent  which  furnished  stability  in  the  resulting  road  surface 
greatly  exceeding  that  furnished  by  the  same  amount  of  granidar 
material  when  applied  or  compacted  in  any  other  way. 

Thus  traffic-bound  roads  may  consist  of  a  combina- 
tion of  subgrade  treatment  and  road  siu-facing.  This 
accounts  for  their  high  load  capacity  (6'). 

Appreciable  vertical  deflections,  however,  caused  by 
local  frost  heave,  increased  wheel  loads,  or  the  develop- 


FiGURE  3. — The  Upper  View  Shows  the  Beginning  of  Failure  of  M.\cadam  Ba.se 
Due  to  Spongy  Support,  While  the  Lower  View  Shows  an  Advanced  Stage  of 
such  a   Failure 


PAVEMENT    CHARACTERISTICS   DISCUSSED 

Traffic-hound  roads. — Even  when  laid  on  soils  ofl'ering 
low  support  traffic-bound  roads  may  automatically 
develop  the  high  subgrade  support  which  they  retjuire 
because  of  their  lacfv  of  "beam"  strength.  Traffic 
action  continually  drives  the  stone  and  rock  fragments 
(granular  material)  into  the  soil  and  stabilizes  the  top 
layers  of  the  subgrade.  Traffic  loads  are  transmitted 
through  the  layer  of  granular  material  without  being 
widely  distributed  and  gradually  increase  the  density 
and  consequently  the  supporting  value  of  the  subgrade 
soil  and  may  reduce  its  ability  to  take  up  moisture. 

H.  J.  Kirk,  formerly  director  of  the  Ohio  Department 
of  Highways,  describes  the  behavior  of  traffic-bound 
roads  in  Ohio  as  follows: 


ment  of  soft  spots  in  the  subgrade  are  productive  of  f  ai  lure 
in  traffic-bound  roads.  Surface  abrasion  (fig.  2)  when  not 
])revented  by  proper  maintenance  measures,  may  con- 
tinue downward  and  cause  the  total  destruction  of  these 
roads  regardless  of  the  character  of  subgrade  support. 

Water-bound  macadam  pavement. — Increase  in  sub- 
grade  support  due  to  the  compaction  of  the  imderlying 
soils  occurs  also  inider  nuicadams.  The  stability  of 
these  pavements  depends  upon  the  extent  of  initial 
compaction,  the  traffic  action  which  occurs  prior  to  the 
a])i)lication  of  a  sm-face  treatment  (6'),  their  age,  and 
upon  the  luaterials  of  which  they  are  composed. 

Macadams  may  adjust  themselves  to  ai)j)reciablo 
subgrade  deformations  when  caused  by  the  slow  and 
gradual   compaction   of   the   underlyhig  soil.     Abrupt 


40 


PUBLIC    ROADS 


\'0l.  10,  No.  3 


Figure  4. — 1''ailtui;  Locai.iz];!)  ti.i  .Soft  tSrciT  in  Subghadk 

deformations  similar  to  those  which  cause  failures  in 
traffic-bound  roads  may  cause  failure  also  in  macadams. 
Difficultly  may  be  expected  also  when  spongy  subgrade 
support  prevents  the  pavement  from  receiving  the 
required  amount  of  compaction  during  construction; 
when  clay  works  up  into  the  interstices  of  pavements 
containing  large  voids;  and  when  disintegration  begin- 
ning with  surface  abrasion  is  not  prevented.  Figure 
3  illustrates  failures  of  water-bound  macadam  base 
under  conditions  which  indicate  spongy  subgrade  sup- 
port. A  ruptured  bond,  extending  generally  through- 
out the  width  of  the  pavement,  is  characteristic  of 
this  type  of  failure.  In  contrast,  the  failures  shown  in 
Figure  4  indicate  localized  soft  spots  in  the  subgrade, 
as  most  of  the  pavement  is  intact. 

Bituminous  pavements. — The  binder  in  bituminous 
pavements  consists  entirely  of  bituminous  materials. 
These  pavements  are  tough,  wear  resistant,  plastic,  and, 
in  the  thicknesses  generally  used,  require  strong  base 
support.  They  withstand  considerable  and  repeated 
vertical  movement  without  failure  and  therefore 
afford  considerable  protection  to  broken  concrete  bases. 

Failure  in  bituminous  pavements  due  to  subgrade 
influence   reflects   onlv    the   behavior   of    their   bases. 


Figure  5  shows  the  results  of  a  macadam  base  failure  and 
a  concrete  base  failure  under  bituminous  pavements. 

Rigid  pai'ements. — Concrete  pavements  are  highly 
resistant  to  surface  abrasion  and  possess  "beam" 
strength.  They  withstand  appreciable  heave  if  it  is 
uniform,  but  cracking  occurs  where  there  is  abrupt 
variation  in  subgrade  support.  Internal  stresses,  due 
to  variation  in  temperature  and  moisture  content,  also 
cause  cracks.  Regardless  of  the  cause,  cracking  in 
concrete  slabs  can  be  of  four  kinds — longitudinal, 
transverse,  corner,  and  irregular. 

Longitudinal  cracking  may  occur  as  a  single  crack 
which  is  generally  near  the  center  of  a  full-width  road 
slab  or  such  a  crack  accompanied  by  additional  ones 
near  the  center  of  the  slabs  formed  by  the  crack  near  the 
center.  The  former  type  will  hereafter  be  referred  to 
as  longitudmal  cracks  and  the  latter  type  will  be  referred 
to  as  secondary  longitudinal  cracks. 

The  occurrence  of  longitudinal  cracks  depends  to  a 
large  extent  upon  the  character  of  subgrade  support. 
They  seldom  occur  in  pavements  laid  on  sands  and 
gravels  (7)  or  on  higiily  stable  subgrades  of  several 
of  the  Southern  States,  notably  North  Carolina.  Other 
things  being  ecjual,  they  occur  to  less  extent  in  pave- 
ments laid  on  porous  sub-bases  than  in  those  laid  on  the 
natural  soil  (5). 

Data  obtained  in  California  (9)  during  the  dry 
season  of  the  year  and  illustrated  in  Figure  8  show 
wliy  longitudinal  cracks  occur  primarily  in  pavements 
laid  on  unstable  soils.  The  lines  representing  ecjual 
moisture  content  in  Figure  6  were  probably  parallel 
to  the  ground  surface  prior  to  constructing  the  pave- 
ment. These  lines  in  the  sand-clay  subgrade  have  not 
varied  in  this  respect,  thus  indicating  that  expansion 
or  shrinkage  in  the  subgrade  due  to  variation  in  mois- 
ture content  is  of  uniform  intensity  throughout  the 
width  of  the  pavement.  Such  being  the  case,  the  pave- 
ment would  not  be  expected  to  crack  longitudinally. 
The  lines  of  equal  moisture  content  in  the  adobe  and 
clay  subgrade,  however,  have  not  remained  parallel  to 
the  ground  (or  road)  surface,  thus  indicating  that  expan- 
sion and  shrinkage  in  the  subgrade  varies  considera- 
bly in  extent  throughout  the  width  of  the  pavement. 


Figure  5. — Result  of  Failure  of  Concrete  Base  (Left)  and  Macadam  Base  (Right).     In  Both 

THE  Surface  is  of  the  Flexible  Type 
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LINES  OF  EQUAL  MOISTURE  CONrTNT' 

SAND  CLAY  SUBGRADE 


NUMERALS  SHOW  MOISTURE  CONTENT, 
AS  A  PERCENTAGE  OF  DRY  WEIGHT  OF  SOIL 

ADOBE    AND  CLAY  SUBGRADE 


Figure  G. 


—Lines  of  Equal  Moisture  Content  in  Sub- 
grades  OF  Different  Character 


The  difference  between  the  moisture  content  of  the 
adobe  and  clay  subgrade  under  the  center  and  under 
the  edges  of  the  pavement  is,  according  to  Figure  6, 
about  15  per  cent  of  the  weight  or  about  40  per  cent  of 
the  vohnne  of  the  dry  soiL  AMien  subjected  to  con- 
ditions causing  maximmn  shrinkage  the  soil  under  the 
edges  of  the  pavement  will  hav(>  a  volume  equal  to  ])ut 
70  per  cent  of  that  of  the  soil  under  the  center  of  the 
pavement.  In  some  instances  in  California  shrinkage 
of  this  type  permits  open  spaces  as  much  as  5  inches 
in  depth  to  occur  between  the  pavement  edge  and  the 
subgrade.  This  condition  of  high  support  existing 
under  its  center  and  the  little  or  no  support  existing 
under  its  edges  will  cause  the  pavement  to  crack  longi- 
tudinally. Cracking  due  to  this  cause  is  shown  in 
Figure  7,  although  in  these  particular  cases  the  longi- 
tudinal cracks  do  not  happen  to  be  near  the  center  of 
the  pavement. 

In  order  to  facilitate  subsequent  analyses  transverse 
cracks  will  be  referred  to  as  primary  transverse  cracks, 
secondary  transverse  cracks,  and  tertiary  transverse 
cracks.  Slabs  formed  by  the  occurrence  of  primary 
transverse  cracks  will  be  referred  to  as  primary  road 
slabs  and  those  formed  by  the  occurrence  of  secondary 
transverse  cracks  will  be  referred  to  as  secondary  road 
slabs.  Subdivision  of  secondary  slabs  by  tertiary  trans- 
verse and  secondary  longitudinal  cracks  will  be  referred 
to  as  "breakage." 

Primary  transverse  cracks  arc  those  which  occur  at 
an  average  interval  of  not  less  than  18  feet  in  full 
width  concrete  road  slabs  of  appreciable  age  (7). 
Their  occurrence  may  be  greatly  influenced  by  the 
quality  of  the  concrete,  by  the  mechanical  friction  which 
occurs  between  the  bottom  of  the  slab  and  the  subgrade 
(10),  and  by  the  uniformity  of  subgrade  support. 
They  may  occur  less  frequently  in  pavements  laid  on 
soils  affording  low  but  uniform  support  than  in  those 
laid  on  subgrades  with  high  but  less  uniform  support. 
This  is  demonstrated  in  an  unpublished  theoretical 
analysis  by  Dr.  H.  M.  Westergaard.^ 

According  to  this  analysis  the  stresses  in  the  concrete 
slab  due  either  to  warping  of  the  slab  or  to  nonuniform 
volume  change  of  the  subgrade  increase  with  the 
stiffness  of  the  subgrade.  Such  cracks,  due  to  lack  of 
uniformity  in  support  (fig.  8),  may  occur  more  or  less 
irregularly  in  pavements,  and  those  caused  by  frictional 
resistance  may  occur  approximately  parallel  to  each 
other  and  perpendicular  to  the  center  line  (10). 


'••ii  ^i>i'     •jk'iihi'-  ■ 
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-Cracking  on  a  Fill  Made  with  Clay  Having 
High  Shrinkage  Properties 


wSecondary  transverse  cracks  (single  cracks  in  primary 
slabs)  seem  to  be  caused  by  some  combination  of  load 
and  support.  Their  occurrence,  when  perpendicular 
to  the  center  line  of  the  pavement,  may  indicate  low 
.-subgrade  support,  and  when  irregular  may  indicate  a 
lack  of  uniformity  in  subgrade  support.  The  lower 
picture  of  Figure  8  shows  settlement  in  a  fill  wliich 
caused  secondary  transverse  pavement  cracking. 

"Breakage"  due  to  load  occurs  on  account  of  low 
subgrade  support.  This  was  clearly  brought  out  in 
surveys  by  the  highway  research  board  (7)  and  experi- 
ments performed  at  Arlington.  According  to  the 
Arlington  test  data  (4)  summarized  in  Table  2,  the 
ultimate  resistance  of  slabs  (7  feet  square)  to  the  occur- 
rence of  breaking  differs  considerably  depending  upon 
whether  they  are  laid  on  a  drained  or  an  undrained 
subgrade. 

Table  2. — Average  load  capacities  of  nonreinforced  concrete  slabs  7 
feet  square,  when  laid  on  clay  subgrades  drained  and  undrained . 
{Impacts  applied  at  corner  and  edges  of  slabs,  Arlington  tests) 


Slab 
thick- 
ness, 
inches 

Mix 

Breaking  loads  • 

Wet 
subgrade 

Drained 
subgrade 

4 

6 
<6 

8 
<8 
<6 

6 

1:1! '2:3 

1:1-2:3 

1:1'2:3 

1:1!2:3 

1:1'2:3 

l:3:fi 

1:3;6 

Pounds 

(') 
12,82.5 
10,  67.'i 
25,  900 
25,  475 

(') 
9,580 

Pounds 
13, 650 

s  20,  000 
22,  225 
42,  040 
38,  800 
18,  430 

3  18,  300 

'  This  analysis  will  appear  in  the  June  issue  of  Public  Roads. 


1  Unless  otherwise  noted  each  value  is  the  average  of  two  tests,  one  with  the  load 
applied  at  the  edge  and  the  other  with  the  load  applied  at  the  corner  of  the  slab. 

2  Broke  under  static  load  varying  between  2,000  and  8,000  pounds. 

3  One  edge  test. 

<  Covered  with  bituminous  tops. 

»  Six  out  of  eight  slabs  tested  broke  under  static  loads  varying  between  2,000  and 
8,000  pounds.    'I'he  other  two  tests,  both  for  edge  loading,  averaged  10,105  pounds. 

Increasing  the  su])grade  soil  support  by  admixture;  of 
Portland  cement    (1:14    and    1:28  [about    12    inches 
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deep)    increased    the   load   capacity   of   superimposed 
slabs,  when  subjected  to  impacts,  by  50  to  65  per  cent 

Breakage  of  considerable  extent  occurs  primarily  in 
pavements  less  than  6  inches  thick  (7)   (see  Table  1). 

Corner  cracks  may  be  due  to  variation  in  the  width 
of  expansion  joints  or  to  the  presence  in  them  of  foreign 
materials  such  as  stones  and  mortar,  to  the  improper 
use  of  longitudinal  steel  in  bond  (12)  and  to  traffic. 
Corners  broken  off  by  expansion  of  the  concrete  are 
generally  small  in  area,  and  have  sides  ranging  from  6 
to  18  inches  in  length.  Broken  corners  due  to  continu- 
ous longitudinal  steel  in  bond  in  the  absence  of  expan- 
sion joints,  occur  either  along  the  edges  or  the  center 
joint,  are  usually  hekl  tightly  in  place,  and  may  have 
a  longer  leg  transversely  than  longitudinally.     These 


of  this  type  occurring  in  parts  of  the  pavement  located 
over  ruts  in  the  subgrade  which  had  been  filled  with 
dry  soil  immediately  prior  to  constructing  the  pave- 
ment.    (See  fig.  10.) 

The  faulting  of  cracked  slabs  is  dependent  upon 
subgrade  support.  The  separation  of  cracked  slabs 
(fig.  11)  or  the  widening  of  center  joints,  when  occurring 
generally,  may  be  due  to  movement  of  the  subgrade. 

The  intimate  relations  existing  between  pavement 
condition  and  subgrade  support  causes  one  to  inquire 
next  into  the  variables  upon  which  the  supporting 
properties  of  the  sidigrade  depend. 

FIELD   INVESTIGATIONS   SHOW    TH.4T    SUBGRADE    VARIABLES 
INFLUENCE    PAVEMENT    CONDITION 

According  to  the  older  conceptions  derived  from 
experience,  the  cpiality  of  the  subgrade  support  should 


-"^-'-SSc^ . 


Figure  8. — The  Upper  Picture  Shows  Cracks  in  Concrete  Road  Caused  by  Lack  op  Uniformity  in 
Subgrade  Support.  The  Lower  Picture  Shows  Transverse  Cracks  at  Short  Intervals  Due  to 
Subgrade  Settlement 


are  illustrated  in  Figure  9.  Corner  cracks  caused  by 
longitudinal  steel  in  bond  extending  across  transverse 
expansion  joints  may  constitute  failure  reciuiring  re- 
placement. Corners  broken  oft'  by  traffic  generally 
have  equal  legs  2  to  4  feet  long  and  in  many  cases  are 
depressed.  The  upper  picture  of  Figure  9  illustrates 
a  corner  crack  caused  by  traffic.  The  term  "corner 
cracks"  when  used  sul^sequontly  refers  only  to  those 
caused  by  load. 

Excepting  when  the  corners  of  full  width  concrete 
road  slabs  are  warped  upward  (at  night  and  after  show- 
ers in  the  day  time)  the  occurrence  of  "corner  cracks," 
like  "breakage,"  seems  to  depend  upon  the  intensity  of 
subgrade  support. 

Irregular  cracks  may  consist  of  short  single  lines 
which  occur  intermittently  in  road  slabs  or  which, 
when  more  or  less  connected,  may  extend  for  appreci- 
able lengths  in  road  slabs. 

They  may  be  caused  by  shrinkage  in  the  concrete 
due  to  mixing,  curing  or  material  variables,  or  by  non- 
uniform expansion  in  the  subgrade  soil.  In  any  case 
they  occur  at  least  in  microscopic  dimensions  before 
the  concrete  has  set.  Both  W.  C.  McNown,  of  the 
University  of  Kansas,  and  Mr.  F.  V.  Reagel,  of  the 
Missouri  State  highway  de]:)artment,  observed   cracks 


essentially  depend  on  the  clay  content.  Thus  the 
results  furnished  by  the  California  survey  {13),  and  by 
investigations  of  the  highway  research  board  (7), 
show  that  the  occurrence  of  "breakage"  in  relatively 
thin  concrete  pavements  is  influenced  by  the  clay  con- 
tent of  the  subgrade  soil. 

A.  C.  Rose,  in  the  Pacific  Northwest  {14),  and  C.  L. 
McKesson  in  California  {15),  also  found  that  the  clay 
content  of  the  subgrade  soil  influenced  pavement 
condition  to  marked  extent. 

Additional  data  show  that,  other  things  being  equal 
and  especially  in  the  absence  of  frost  action,  the  pres- 
ence of  particles  smaller  than  0.005  millimeter  in 
diameter  contributes  to  the  occurrence  of  pavement 
failures  caused  l)y  low  intensity  of  subgrade  support. 
The  results  furnished  by  the  subgrade  surveys  now  in 
progress,  however,  disclose  the  identity  of  factors  other 
than  the  clay  content  of  the  subgrade  soil  which  may 
exert  an  influence  of  primary  importance  upon  the 
occurrence  of  failure  in  pavements. 

For  instance,  failures  due  to  low  intensity  of  support, 
according  to  data  now  available,  may  be  caused  merely 
by  the  presence  of  highly  porous  materials  such  as 
diatoms  or  by  a  high  moisture  content  in  the  subgrade 
soil.     Failures  due  to  spongy  support  may  be  caused 
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Figure  9. — Corner  Cracks  Along  the  Edges  and  Center  Joint  Caused  by  Heavy  Longitudinal 
Reinforcement  in  Bond.  The  Upper  Picture  Shows  a  Corner  Break  Caused  by  Traffic  and 
Followed  by  Progressive  Breaking  Down 


-% 
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Figure  10. — Upper:  Cracki.\<,  J>(m mi/ld  in  I'okmovs  of  Concrete  Laid  Over  Wheel  Paths  in  Sub- 
grade.  Lower:  Irregular  Cracking  Caused  by  Expansion  in  the  Subghade  Combined  Possi- 
bly with  Shrinkage  in  the  Concrete  dub  to  loss  of  Water  from  the  Concrete  before 
Setting 
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Figure  11.— Separation  op 
Slab  Fragments  Due  to 
SuBGRADE  Conditions 


solely  by  the  presence  of  mica 
in  the  subgrade  soil.  Failures 
due  to  lack  of  uniformity  in 
support  may  be  caused  by 
variation  in  the  soil  directly 
under  the  pavement  or  at 
some  distance  beneath  the 
pavement. 

In  Figure  12-A,^  the  badly 
cracked  portion  of  the  pave- 
ment rests  upon  a  silty  soil 
A,  which  contains  some  clay 
and  an  appreciable  percentage 
of  diatoms.  This  soil  has 
high  shrinkage  and  plasticity ; 
when  dry  it  is  highly  porous 
and  has  a  strong  affinity  for 
water  but  when  wet  it  is  very 
unstable.  Soil  type  B,  upon 
which  part  of  the  good  portion 
of  the  pavement  rests,  is  a 
fine,  sandy  loam  and  has 
medium  shrinkage  and  plas- 
ticity. Soil  Clacks  the  diatom 
content  but  otherwise  is  sim- 
ilar to  A.  Thus,  in  this  case, 
the  presence  of  diatoms  in  the 
subgrade  soil  seems  to  have 
influenced  the  extent  of  crack- 
ing in  the  pavement. 
The  failure  shown  in  Figure  3  and  referred  to  pre- 
viously, was  attributed  primarily  to  the  presence  of 
large  mica  flakes  in  a  very  fine  sand  and  silty  soil. 

In  Figure  12-B  the  cracked  portion  of  the  pavement 
rests  directly  on  a  soil,  D,  which  varies  from  a  fine 
sandy  loam  to  a  clay  and  which  has  high  shrinkage 
and  medium  plasticity.  The  good  portion  of  the 
pavement  rests  directly  upon  a  soil  mixture,  E,  which 
has  negligible  shrinkage  and  plasticity.  The  under- 
lying soils,  F  and  G,  are  silty  clays  which  have  medium 
shrinkage  and  plasticity.  In  this  case,  the  clay  con- 
tent of  the  subgrade  soil  seems  to  have  influenced  the 
extent  of  cracking  in  the  pavement. 

In  Figure  12-C,  both  the  cracked  and  good  portions 
of  the  pavement  rests  directly  upon  a  soil,  H,  which 
has  medium  shrinkage,  medium  plasticity  and  which, 
due  to  its  structure,  is  permeable.  Under  the  cracked 
portion,  however,  the  underlying  layer,  J,  is  very 
compact  and  impervious  (due  to  its  laminated  struc- 
ture), has  medium  shrinkage  and  plasticity,  and  lies 
very  close  to  the  pavement.  Because  of  the  approxi- 
mately curved  profile  of  the  underlying  layer,  J,  the 
thiclaiess  of  the  upper  layer,  H,  is  variable.  Under 
these  conditions,  the  porous  upper  layer,  due  to  varia- 
tion in  moisture  content  accompanied  by  expansion 
and  shrinkage,  may  furnish  the  cracked  portion  of  the 
pavement  with  support  which  lacks  uniformity.  Also, 
at  this  location,  the  impervious  underlying  layer,  J, 
prevents  the  escape  of  water  downward  and  thus  may 
cause  loss  of  stability  in  the  upper  layer,  H,  due  to 
supersaturation. 

A  similar  subgrade  condition  accompanied  by  similar 
cracking  in  the  pavement,  is  shown  in\Figure  12-D. 

s  The  soil  profiles  in  Figure  12  were  furnished  by  W.  I.  Watliins,  of  the  U.  S.  Bureau 
of  Chemistry  and  Soils,  which  is  cooperating  with  the  Bureau  of  Public  Roads  in 
the  latter's  subgrade  smveys. 
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Figure  12. — Soil  Profiles  Compared  with  Pavement 
Condition 
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In  this  case,  however,  the  good  portion  of  the  pavement 
rests  upon  a  fill  while  the  pavement  shown  in  Figure 
12-C  is  all  in  cut.  The  cracking  shown  in  Figures 
12-C  and  12-D  seems  to  be  due  more  to  field  arrange- 
ment and  structure  than  to  the  raw  materials  of  the 
subgrade  soils. 

In  Figure  f2-E,  all  of  the  soils  are  fine  sands  or  (iuc 
sandy  loams  and  have  negligible  shrinkage  and  j)]as- 
ticity.  Cracking  here  seems  to  be  due  to  settlement 
in  the  side-hill  hll,  caused  possibly  by  the  failure  of 
the  culvert  located  under  the  center  of  the  cracked 
portion  of  the  pavement  to  furnish  adequate  drainage 
facilities. 

Side-hill  fills  construct<Ml  of  material  which  is  less 
permeable  than  the  soil  which  supports  the  fill  nuitorial 
and  part  of  the  pavement,  subgrades  in  which  the  soil 
changes  appreciably  in  condition  or  character,  and 
soils  composed  of  widely  different  materials  as,  for 
instance,  clays  interspersed  with  sand  pockets,  and 
sands  containing  thin,  laminated  clay  layers,  afford 
conditions  of  support  especially  productive  of  cracking 
in  pavements. 

In  this  connection  attention  may  be  called  to  the 
fact  that  clay  fills  are  often  very  much  less  permeable 
to  a  depth  of  several  feet  below  the  surface  than  the 
same  clay  in  its  natural  condition.  This  is  due  to  the 
closing  of  root  holes  and  other  openings  which  exist  in 
the  undisturbed  deposit. 

Thus,  accoi'ding  to  the  preceding  discussions,  pave- 
ment behavior  may  depend  upon  the  character  of  the 
subgrade  soil  material  (raw  constituents),  upon  the 
structm-e  of  the  soil  in  its  natural  state  (dense  or  loose, 
homogeneous  or  full  of  cracks  or  root  holes),  upon  the 
soil  profile  (variation  in  depth  of  the  different  soil 
zones  and  the  relative  occurrence  of  permeable  and 
impermeable  strata)  upon  adjacent  topography 
(through  its  influence  upon  the  occurrence  of  surface 
and  underground  water),  upon  climatic  conditions 
(well  distributed  or  intermittent  occurrence  of  rainfall 
and  presence  or  absence  or  frost  action),  or  upon  any 
combination  of  these  variables. 

The  number  and  variety  of  these  influencing  factors 
clearly  indicate  that  they  must  be  investigated  accord- 
ing to  some  coherent  and  logical  procedure,  otherwise 
the  ensuing  information,  because  of  its  complexity, 
will  be  of  limited  usefulness  in  practice. 

Therefore,  in  order  to  facilitate  a  study  of  these 
dift'erent  variables  with  resjx'ct  to  the  relative  impor- 
tance of  the  influence  which  they  exert  upon  the  sup- 
porting properties  of  subgrades  and  in  order  to  facilitate 
the  application  of  the  ensuing  information  in  practical 
road  construction,  it  becomes  desirable  to  arrange  the 
subgrades  in  groups  according  to  outstanding  perform- 
ance with  regard  to  pavement  behavior. 

SUBGRADES  GROUPED  ACCORDING  TO  PERFORMANCE 

In  determining  a  satisfactory  basis  for  grouping 
subgrades,  their  properties  as  disclosed  by  both  labora- 
tory tests  and  field  surveys  must  be  considered. 

Laboratory  test  results  disclose  the  degree  to  which 
certain  physical  properties  are  manifested  when  soils 
are  subjected  to  arbitrary  laboratory  conditions,  and 
therefore  furnish  a  means  merely  for  identifying  the 
raw  constituents  of  soils  and  determining  the  influence 
which  these  raw  constituents  are  apt  to  exert  upon 
such  physical  characteristics  as  shrinkage,  expansion, 
plasticity,  elasticity,  water  capacity,  permeability, 
etc.,  and  the  extent  to  which  admixtures  or  treatments 
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may  be  effective  for  changing  these  characteiistics. 
The  more  the  field  behavior  depends  upon  the  raw  coti- 
stituents  of  soils,  the  more  self-sufficient.  an>  laboratory 
tests  for  explaining  the  behavior  of  subgrades  atul, 
because  of  this,  laboratory  tests  explain  with  greatcu- 
accuracy  the  performance  of  subgra(l(>s  consisting  of 
coarse-grained  soils  Ibnu  of  those  consisting  of  (ine- 
grained  soils. 

Thus,  for  instance,  if  a  soil,  according  to  l(>st,  shows 
neither  plasticity  nor  shrinkage,  aiul  if  in  addition  its 
mechanical  analysis  indicates  a  coarse-grain(>(l,  w(>ll- 
graded  material  with  sonu>  silt  in  it,  it  will  rei)resen(  a 
firm  subgrade  in  the  field. 

On  the  other  haiul,  the  more  the  line-grained  con- 
stituents (clay  content)  of  a  soil  dominate,  the  greater 
the  possible  variation  in  behavior  of  exactly  the  same 
soil  under  field  conditions  and  the  nu)re  do  the  data 
obtained  in  the  laboratory  require  supplementing  by 
field  observation. 

Therefore,  the  tentative  grouping  of  subgrades  takes 
into  consideration  both  their  raw  constituents  and 
their  performance  under  field  conditions.  The  extent 
to  which  laboratory  tests  serve  for  identifying  sub- 
grades  and  the  extent  to  which  subgrades  with  ecpial 
laboratory  identification  may  vary  in  performance 
under  field  conditions  is  indicated  by  the  following  dis- 
cussion of  the  individual  groui)s. 

It  should  be  remembered  that  no  attempt  is  made  to 
present  a  rigid,  permanent  classification.  The  group 
numbers  are  used  merely  for  convenience  and  have  no 
other  significance.  When  the  character  of  the  sub- 
grade  changes,  there  is  a  weak  spot  although  the  sub- 
grades  on  both  sides  of  the  boundary  may  be  good. 
Therefore,  when  attempting  to  arrange  the  sid)grades 
in  groups,  uniform  support  (A)  is  distinguishecl  from 
nonuniform  support  (B). 

Within  (iroup  A  the  subgrades  are  arranged  accord- 
ing to  those  characteristics  of  the  soils  which  are  most 
conspicuous  in  the  performance  of  subgrades. 

UNIFORM   SUBGRADES    (GROUP    A)    ARRANGED    ACCORDINfJ    TO 
CHARACTERISTICS    CONSPICUOUS   IN    PERFORMANCE 

Group  A-1 . — Well  graded  material,  coarse  and  fine, 
excellent  binder.  Highly  stable  under  wheel  loads, 
irrespective  of  moisture  conditions.  Functions  satis- 
factorily when  surface-treated  or  when  used  as  a  base 
for  relatively  thin  wearing  courses.  Represented  by 
the  excellent  topsoils  of  Georgia. 

Group  A-2. — Coarse  and  fine  materials,  inferior 
binder.  Highly  stable  when  fairly  dry.  Apt  to  soften 
at  high  water  content  caused  either  by  rains  or  by 
capillary  rise  from  saturated  lower  strata  when  an 
impervious  cover  prevents  evaporation  from  the  top 
layer. 

Group  A-5. — Coarse  material  only,  no  bindei'.  Lacks 
stability  under  wheel  loads  but  unaffected  by  moisture 
conditions.  Furnishes  excellent  support  for  flexible 
pavements  of  moderate  thickness  and  for  relatively  thin 
rigid  pavements.     Represented  by  the  Florida  sands. 

Group  A-4- — Silt  soils  without  coarse  material,  and 
with  no  appreciable  amount  of  clay.  Apt  to  absorb 
water  very  readily  in  quantities  sufficient  to  cause  rapid 
loss  of  stability  even  when  not  manipulated.  When 
dry  or  damp,  presents  a  firm  riding  surface  which 
rebounds  but  very  little  upon  the  removal  of  load.  Apt 
to  cause  cracking  in  rigid  ]javements  due  to  frost  heav- 
ing and  failure  in  flexible  pavements  due  to  low  sup- 
port.    Represented  by  the  New  Hampshire  silts. 
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Group  A-5. — Similar  to  Group  A-4,  but  furnishes 
hi»lhly  elastic  riding  surfaces  with  appreciable  rebound 
upon  removal  of  load  even  when  dry.  Elastic  proper- 
ties interfere  with  proper  comi)action  of  macadams 
during  construction  and  with  retentiou  of  good  bond 
afterwards.  Represented  by  highly  micaceous  soils  of 
North  Carolina. 

Group  A-6. — Clay  soils  without  coarse  material.  In 
stiff  or  soft  plastic  state  absorb  additional  water  only  if 
manipulatecl.  May  then  change  to  liquid  state  and 
work  up  into  the  interstices  of  macadams.  Furnish 
firm  sujjport  essential  in  properly  compacting  macadams 
only  at  stiff  consistency.  Deformations  occur  slowly 
and  removal  of  load  causes  very  little  rebound.  Shrink- 
age pi'operties  combined  with  alternate  wetting  and 
drying  under  field  conditions  are  apt  to  cause  cracking 
in  rigid  pavements.  Represented  by  the  Mississippi 
gumbo. 

Group  A-7. — Similar  to  Group  A-6,  but  when  moist, 
deforms  quickly  imder  load  and  rebounds  appreciably 
upon  removal  of  load.  Thus,  lacks  firmness  in  suppoit, 
similar  to  subgrades  of  Group  A-5.  Alternate  wetting 
and  drying  under  field  conditions  leads  to  even  more 
detrimental  volume  changes  than  in  Group  A-6  sub- 
grades.  May  cause  concrete  pavements  to  crack  before 
setting  and  to  crack  and  fault  afterwards.  Rej)re- 
sented  by  Illinois  gumbo  and  ty])ical  adobes. 

Group  A-8. — Very  soft  peat  and  muck  incapable  of 
supporting  a  road  surface  without  being  previously 
compacted  or  displaced  by  a  fill.  Represented  by 
Michigan  peat  bogs. 

NONUNIFORM    SUIK;KADES    GROUPED 

Soils  of  this  group  cause  concrete  pavements  to 
crack  or  fault  excessively  and  flexible  types  to  fail  or  to 
develop  rough  riding  surfaces. 

Group  B-l . — Nonuniform  natural  ground  due  to 
abrupt  variation  in  soil  characteristics,  or  soil  profile, 
or  to  frequent  change  in  field  conditions. 

Group  B-2. — Nonuniform  subgrade  due  to  nonuni- 
form composition  of  fill. 

Group  B-3. — Nonuniform  subgrade  consisting  in  part 
of  natural  ground  and  part  of  fill  materials. 

GROUP    A   1    SUBGRADES    CHARACTERIZED    BY    HIGH    STABILITY 

The  high  stability  of  the  Group  A-1  subgrades  is 
due  to  the  presence  of  coarse  material  in  an  amount 
sufficient  to  furnish  high  supporting  value  and  fine 
particles  in  quantity  and  (luality  sufficient  to  furnish  a 
fairly  water-resistant  bindei'  which  prevents  lateral 
displacement  of  the  soil  when  subjected  to  load. 

The  mechanical  composition  of  an  ideal  soil  of  class 
1,  according  to  Dr.  C.  M.  Strahan  {,16)  is  as  follows: 
"Clay  12  to  18  per  cent;  silt,  5  to  15  per  cent;  total 
sand,  65  to  80  per  cent,  and  sand  above  No.  60  sieve,  45 
to  60  per  cent.  When  coarse  material  (that  retained 
on  No.  10  sieve)  is  present  or  is  added  to  a  good  soil 
mortar  in  appreciable  amount,  10  per  cent  or  more,  the 
hardness  and  durability  of  the  slab  is  increased,  and 
continues  to  increase  until  the  full  type  of  gravel  slab 
is  reached.  C'oarse  material  is  most  effective  when 
present  in  graded  sizes  from  one  inch  downwards. 
Micaceous,  feldspathic  or  slaty  types  are  objectionable 
because  of  their  softness."  "in  Dr.  Strahan's  re])ort 
"clay"  refers  to  particles  less  than  about  0.02  milli- 
meters in  diametei's;  silt,  to  jjarticles  whose  diameters 
vary  between  0.02  and  0.07;  and  sand  to  particles 
larger  than  0.07  jnillimeters  in  diameter.  Subse- 
quently in   this  report    "clay"  refers  to  particles  less 


than  0.005  millimeters  in  diameter;  silt  to  particles 
whose  diameters  vary  between  0.005  and  0.05;  and 
sand  to  ])articles  larger  than  0.05  millimeters  in  diam- 
eter. 

Translating  his  statement  into  the  terms  used  by  the 
Bureau  of  Public  Roads  (clay  0.005  millimeters,  silt  be- 
tween 0.005  and  0.05  millimeter,  and  sand  for  particles 
larger  than  0.05  millimeter),  we  arrive  at  the  following 
approximate  composition  of  the  material:  Clay  less  than 
5  per  cent,  silt  9  to  32  per  cent,  sand  total  63  to  86  per 
cent,  and  sand  above  No.  60  sieve  45  to  60  per  cent. 
The  uniformity  coefficient  of  such  a  material  should  be 
greater  than  15  and  its  effective  size  in  the  vicinity  of 
0.01  millimeter.* 


Figure  \'6. — Gkoup  A-1  Soil,  a  Stable  Mixture  of  Sand 
AND  Clay 

According  to  C.  L.  McKesson  {17)  good  binders 
usually  have  low  moisture  carrying  capacities  and  low 
lineal  shrinkage  values  {14)  and  according  to  Dr.  C.  M. 
Strahan  they  have  also  high  adhesive  properties  {18). 
The  latter  suggests  kaolin,  which  according  to  lab- 
oratory tests  results  has  low^  shrinkage  and  medium 
plastic  properties,  as  an  ideal  binder. 

The  high  stability  which  identifies  the  Group  A-1 
subgrades  depends  upon  characteristics  of  the  raw  mate- 
rials and  is  disclosed  in  the  laboratory  by  the  mechanical 
analysis  which  informs  us  about  the  quantity  of  binder, 
and  the  plasticity  and  shrinkage  tests  which  inform  us 
as  to  the  quality  of  the  binder. 

In  nature  these  subgrades  are  represented  by  many 
bank-run  gravels,  natural  sand-clays  and  certain  top- 
soils  such  as  are  fovmd  in  parts  of  North  Carolina  and 
Georgia.  Their  stability  when  subjected  to  traffic  is 
illustrated  in  Figure  13. 

Their  performance  is  influenced  by  only  two  field 
conditions:  Position  of  the  ground-water  level  and  frost 
action.  If  the  ground-water  level  rises  close  to  the 
ground  surface,  frost  heave  is  apt  to  occur  in  the  more 
uniform  varieties  of  these  subgrades.  More  or  less 
horizontal  layers  of  ice  are  formed,  while  the  layers  of 
soil  located  between  the  ice  layers  seem  to  come  under 
compression.  When  the  ice  thaws,  the  soil  is  apt  to 
disintegrate  temporarily.  Group  A-1  subgrades  make 
excellent  fills  in  which  settlements  are  insignificant. 


'  Effective  size;  The  size  of  grain  than  which  there  are  10  per  cent,  by  weight  of  the 
particles  smaller  and  90  per  cent  larger  is  considered  to  be  the  effective  size. 

I'niformity  coefficient:  The  ratio  of  the  size  of  grain  than  which  there  are  60  per 
cent  of  the  sample  finer  to  the  size  than  which  there  are  10  per  cent  finer.  (Allen  Hazen 
Report  of  the  Massachusetts  State  Board  of  Health,  1892,  p.  541.) 
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GROUP  A  2  SUBGRADES   MORE  AFFECTED   BY   MOISTURE   THAN 
THOSE   OK  (;|{()IIP    A 

SuhiiTjulps  of  this  group  may  contain  citluM'  more 
binder  or  an  e(iual  amount  of  hinder  of  poorer  (piality 
than  those  of  (Iroup  A-1.  Although  a  (iroup  A-2  sub- 
grade,  during  the  dr}^  season,  could  hai'dly  be  distin- 
guished from  a  Group  A-1  subgrade,  the  former,  by 
its  softening,  can  easily  be  distinguished  from  the  latter 
during  rainy  weather  or  when  covered  with  an  imper- 
vious top. 

Since  the  softening  of  the  binder  is  quite  obviously  a 
characteristic  of  the  raw  material,  the  Grouj)  A-2  sub- 
grades  may  be  readily  identified  by  the  same  laboratory 
tests  which  identify  the  Grouj)  A-1  subgrades. 

The  field  conditions  which  exert  an  influence  on  the 
performance  of  these  subgrades  are  position  of  the 
ground-water  level,  frost  action  and  intensity,  and 
distribution  of  rainfall.  The  position  of  the  ground- 
water level  and  frost  action  e.xert  an  influence  similar  to 
that  noted  for  the  Group  A-1  subgrades.  In  addition, 
proximity  of  the  ground-water  level  to  the  ground  sur- 
face increases  the  tendency  of  these  subgrades  to 
soften  when  covered  with  impervious  tops.  Also,  the 
more  wet  weather  there  is  the  less  serviceable  are  these 
subgrades. 

Subgrades  varying  with  respect  to  size  of  particles 
and  grading  from  those  of  Groups  A-1  and  A-2  ap- 
proach those  of  other  groups  as  follows:  With  decreasing 
uniformity  and  decreasing  cjuantity  of  binder.  Group 
A-3 ;  with  decreasing  uniformity  and  increasing  silt 
quantity.  Group  A-4;  and  with  increasing  clay  content, 
Group  A-6. 
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Figure  14. — Group  A-3  Soil,  Cohesionless  Sand 
group  a-3  soils  lacking  in  cohesion 

These  subgrades  dift'er  from  those  of  Groups  A-1 
and  A-2  inasmuch  as  they  lack  the  fine  fraction 
(binder,  particles  less  than  0.05  millimeter  in  diameter) 
required  to  prevent  lateral  displacement  of  the  coarse 
particles  under  load.  Hence  when  traveling  over  the 
surface  of  such  a  subgrade,  the  wheels  sink  into  the 
loose  material.  At  the  same  time,  the  supporting 
qualities  of  the  same  material  when  loaded  over  a 
very  large  area  are  very  good. 

All  of  the  Group  A-3  subgrades  have  the  following 
properties:  Eft'ective  size  not  less  than  0.1  millimeters; 
no  shrinkage;  and  no  plasticity.  The  higher  the 
uniformity  coefficient  and  the  sharper  the  grains,  the 
more  stable  is  the  material. 

These  properties  all  depend  upon  characteristics  of 
the  raw  materials  and  can  be  identified  in  the  laborator}^ 


by  the  mechanical  analysis,  and  the  plasticity  and 
shrinkage  tests. 

(\)hesionI('ss  sands  aiul  gravels  represent  these  sub- 
grades  in  natiu-e.  Their  behavior  under  trallic  is 
illustrated  in  Figure  14. 

Field  conditions  are  apt  to  influence  the  (puility  of 
these  subgrades  in  the  following  manner;  The  same 
sand  may  occur  in  nature  either  in  a  dense  oi'  in  a  loose 
state.  The  denser  the  texture  the  greater  is  the  sup- 
porting power  of  the  material.  If  the  ground-water 
level  rises  close  to  the  surface,  the  supporting  power  of 
the  subgrade  decreases  very  considerably. 

Due  to  their  gn^at  permeability,  the  (iroup  A  W 
subgrades  are  sul)j(>ct  to  frost  heave  only  in  very  I'are 
instances.  They  make  very  stable  fills  irrespective  of 
moisture  conditions. 


-  ROAO   SURFACE  ABOVE  HIGHEST 
CAPILLARY    RISE 


ROAD    SURFACE 


GROUND  WATER    LEVEL 


BETTER   SUPPORT, 
NOT  SUBJECT  TO 
FROST   HEAVE 


MUSHY  SOIL, FURNISHES  VERY  LOW 
SUPPORT  THROUGHOUT  THE  YEAR, 
SUBJECT  TO  FROST  HEAVE 


Figure  1."). — LoxcaTiDiNAL  Profile  Showi.ng  Im'fect 
OF  Elevation  of  Ground  Water  Level  on  the 
Quality   of  CiRori'   A--!  Subgrades 

GROUP  A  4  SOILS  LACKING  IN  BOTH  FRICTION   AND  COHESION 

These  subgrades  differ  from  those  of  Gi'oup  A-1 
inasmuch  as  they  lack  coarse  particles  in  amounts 
sufficient  to  make  them  stable  when  wet,  and,  inasmuch 
as  they  lack  very  fine  particles  (clay)  in  sullicient 
amount  to  produce  appreciable  cohesion. 

All  of  the  Group  A-4  subgrades  have  the  following 
laboratory  properties  in  common:  Uniformity  coelii- 
cient  less  than  15;  ett'ective  size  from  about  0.01  to  0.10 
nnllimeters;  j)lasticity  index  seldom  above  10  and  gen- 
erally 0.  Shrinkage  limit  below  30.  Soils  of  this  grouj) 
can  therefore  be  identified  by  the  following  tests:  Wet 
mechanical  analysis  (Wiegner  or  Boyoucos  method) 
and  the  Atterberg  plasticity  tests. 

They  are  represented  in  nature  by  the  very  fine  sands 
and  silts  which  occur  generally  and  have  been  noted 
particularly  in  New  Hampshire,  Maryland,  Ohio,  and 
in  the  frost  boil  areas  of  Iowa  and  Minnesota. 

Field  conditions  may  aft'ect  the  quality  of  these  sub- 
grades  in  difi'erent  ways.  The  same  soil  may  be  dense 
or  loose,  which  in  turn  affects  the  supporting  quality 
both  in  a  dry  and  in  a  wet  state.  The  closer  the  particle 
are  packed  together,  the  greater  is  the  sup])ortiiig 
power  of  the  same  soil  (settlement  under  tlie  same 
load  acting  on  the  same  area).  If  the  ground-watiM- 
level  is  close  to  the  surface,  the  average  sup])orting 
power  of  the  soil  throughout  the  year  will  be  very  much 
lower  than  if  the  ground-water  level  occii])ies  a  low 
position.  Furthermore,  at  high  ground-water  level, 
important  frost  heave  must  be  expected,  while  it  may 
be  absent  if  the  ground-water  level  is  low.  This  effect 
of  the  field  conditions  is  illustrated  by  Figure  15. 

Furthermore,  the  somewhat  plastic  (very  fine  grained) 
varieties  of  the  (iroup  A-4  subgrades  can  l)e  either 
feebly  permeable  or  fairly  permeable,  depeiufing  on 
whether  they  are  homogenous  as  in  deep  cuts  or  full  of 
small    root   holes   as   in    locations   nearer   the   surface. 


48 


PUBLIC    ROADS 


Vol.  10,  No.  3 


This  field  condition  obviously  will  affect  the  drainage 
properties  of  the  soil. 

Fills  consisting  of  Group  A~4  materials  settle  appreci- 
ably, but  they  come  to  rest  within  less  than  a  vear. 
The  fills  should  be  placed  during  the  dry  season,  other- 
wise they  are  apt  to  remain  mushy  for  a  long  period. 
This  is  particularly  true  for  the  feebly  plastic  varieties. 
Subsequent  saturation  of  a  hll  by  continuous  rain  also 
decreases  its  stability. 

GROUP   A-5  SOILS   CHARACTERIZED   BY   POROSITY.  DEFORMATION, 
AND    REBOUND 

Similar  to  those  of  Group  A-4,  these  subgrades  also 
consist  primarily  of  very  fine  sands  or  silts.  But  in 
addition,  they  contain  an  appreciable  percentage  of 
micaceous  particles  or  diatoms,  which  cause  the  sub- 
grades  of  this  group  to  be  highly  porous,  to  deform 
quickly  under  load  and  to  rebound  appreciably  upon 
removal  of  load. 

COMPRESSIBLE    SUBGRADE" GROUPS  A-4  AND  A-6 


LOAD  APPLIED 


LOAD   REMOVED 


ELASTIC   SUBGRADE-GROUPS  A-5  ANDA-7 


LOAD  APPLIED 


y^liV)  '.'\<vii,\^>,  wv;,-,^ W<y^>_,^..,^;, ^<'.' ■{ ' 
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LOAD   REMOVED 

FicuRE   16. — Effect  of  Applying  and  Removing  Load 

ON     COMPRE.SSIBLE    AND    ELASTIC    SuBGKADES 

The  quick  deformation  is  due,  not  to  any  appreciable 
volume  change,  but  merely  to  the  small  resistance  of 
the  soil  against  distortion.  The  difference  in  the  charac- 
ter of  deformations  in  a  compressible  (Group  A-4)  and 
an  elastic  (Group  A-5)  subgrade  is  illustrated  in  Figure 
f  6.  Instead  of  compressing,  the  elastic  subgrade  under 
load  squeezes  out  in  a  jellylike  manner  from  beneath 
the  load. 

The  difficulty  which  this  elastic  property  causes 
when  one  attempts  the  construction  of  macadams  is 
well  illustrated  by  a  highly  micaceous  soil  located  in 
North  Carolina.  According  to  C.  N.  Conner,  efforts 
extending  over  a  period  of  three  weeks  failed  to  effect 
adequate  compaction  of  the  stone  courses  in  one 
instance  and  a  concrete  pavement  was  subsequently 
constructed.  The  road  surface  suffering  from  ruptured 
bond  shown  in  Figure  3,  rests  upon  a  subgrade  of  this 
group  located  in  Rock  Creek  Park,  Washington,  D.  C. 

The  porous  and  elastic  properties  of  these  subgrades 
are  characteristics  of  the  raw  materials  irrespective 
of  field  conditions. 

They  are  identified  by  laboratory  test  results  as 
follows:  Plasticity  index  seldom  above  10;  shrinkage 
limit  above  30;  lower  liquid  limit  and  field  moisture 
equivalent  relatively  high,  being  not  less  than  30  for  a 
plasticity  index  of  0  and  abnormally  higher  for  soils 
with  greater  plasticity  indices. 

The  highly  micaceous  soils  occur  very  frequently  in 
Pennsylvania,  Maryland,  and  North  aiid  South  Caro- 
lina and  other  States.  The  diatomaceous  soils  were 
found,  among  other  States,  in  Maryland  and  Virginia. 


Soil  A  of  Figure  12-A,  classed  as  a  gray  silt  by  the 
United  States  Bureau  of  Soils,  is  an  exceptional  ex- 
ample of  the  diatomaceous  subgrades,  having  a  shrink- 
age limit  of  60,  plasticity  index  of  19,  lower  liquid 
limit  of  81  and  a  field  moisture  equivalent  of  87. 
When  dry  this  soil  weighs  but  55  pounds  per  cubic  foot. 
Adding  only  20  per  cent  of  mica  Hakes  to  a  friable  soil 
may  reduce  its  weight  from  about  110  to  85  pounds 
per  cubic  foot.  The  expansive  properties  of  sand-mica 
mixtures  have  been  disclosed  in  a  previously  published 
report  {19). 

Presence  of  free  water  and  frost  action  are  the  two 
field  conditions  which  mfluence  the  performance  of 
these  subgrades.  Their  effect  is  similar  to  that  exerted 
on  the  performance  of  the  Group  A-4  subgrades. 

GROUP    A-f>  SOILS,   CONSISTING   OF   CLAY.   GREATLY    AFFECTED    BY 
FIELD    CONDITIONS 

These  are  the  subgrades  generally  termed  clay. 
When  dry  they  take  up  water  in  appreciable  amounts 
and  suffer  proportionate  expansion.  However,  water 
penetrates  the  voids  at  a  very  much  slower  rate  than 
it  penetrates  those  of  the  Group  A-4  subgrades.  On 
account  of  their  very  appreciable  cohesion  these  sub- 
grades  when  in  the  plastic  state  do  not  lose  their 
stability,  unless  they  are  manipulated  as,  for  instance, 
by  repeated  movements  of  superimposed  pavements. 

The  efi'ect  of  manipulation  (traffic)  on  the  cohesion 
of  these  soils  is  the  result  of  the  l^reaking  up  of  the 
minute  details  of  the  structure.  The  importance  of 
this  loss  of  cohesion  was  clearly  disclosed  by  laboratory 
tests  (W).  Similar  eft'ects  of  pounding  on  cohesion 
were  also  observed  with  other  materials.  Thus,  by 
merely  hammering  the  surface  of  plasticine  (a  very 
plastic  mixture  of  fine  dust  and  lubricant),  the  ultimate 
bearing  capacity  of  this  material  is  reduced  by  at  least 
50  per  cent. 

All  of  the  Group  A-6  subgrades  have  the  following 
properties  in  common:  Clay  content  not  less  than  30 
per  cent,  more  than  60  per  cent  of  which  consists  of 
fine  particles  not  larger  than  0.002  millimeter  in  diam- 
eter; effective  size  less  than  0.002  millimeter;  plasticity 
index  not  less  than  10;  shrinkage  limit  never  more  than 
30  and  generally  less  than  20;  field  moisture  equivalent 
seldom  above  35;  centrifuge  moisture  equivalent  seldom 
below  30  and  tendency  of  specimens  to  water-log  when 
centrifuge  moisture  eqvuvalent  exceeds  50.  Therefore, 
the  following  laboratory  tests  can  be  used  for  identify- 
ing the  members  of  this  group:  Wet  mechanical  analy- 
sis, Atterberg  plasticity  tests,  the  centrifuge  and  tlie 
field  moisture  equivalent  tests. 

These  subgrades  are  very  common.  As  typical 
representatives  we  may  mention  the  Mississippi  gumbct, 
the  Louisiana  gund:)0,  and  the  zone  B  of  the  Leonard- 
town  series  (soil  J,  fig.  12-C.) 

Among  the  field  conditions  which  are  apt  to  influence 
the  cpiality  and  the  performance  of  the  Group  A-6 
subgrades,  consisting  of  identical  soil  materials,  the 
following  should  i-eceive  special  attention:  First, 
whether  the  soil  as  encountered  in  the  subgrade  is 
homogeneous  (putty-like  appearance,  without  any 
visible  cracks,  root  holes,  etc.)  or  whether  it  is  fidl  of 
cracks,  root  holes,  and  other  visible  openings  in  which 
the  water  can  freely  circulate.  The  first  kind  of  clay 
can  be  considered  practically  impermeable,  incapable 
of  containing  anything  like  free  ground  water,  while 
the  second  is  more  or  less  permeable  and  capable  of 
containing  groimd  water. 
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In  order  to  illustrate  the  tremoudoiis  (iiirerence  wiiicli 
exists  between  these  two  natural  states,  the  two  fol- 
lowing examples  may  serve : 

In  1927,  test  borings  wen^  made  in  a  typical  Missis- 
sippi gumbo  at  the  Arkansas  approach  to  the  Harahan 
Bridge  at  Memphis,  Tenn.  The  clay  had  a  plasticity 
index  of  about  40  and  a  liquid  limit  of  about  75. 
(Note  difference  between  these  values  and  the  ])las- 
ticity  index  of  19  with  a  lower  licpiid  limit  of  81, 
previously  given  for  a  (iroup  A-5  subgrade.)  In  a 
homogeneous  state  (worked  with  water  into  a  homo- 
geneous, plastic  paste)  it  was  found  to  be  practically 
impermeable.  It  is  known  to  exist  in  this  state  in  certain 
parts  of  Louisiana.  However,  at  the  site  of  the  borings, 
down  to  a  depth  of  at  least  S  feet,  the  clay  was  found  to 
be  full  of  root  holes  in  which  the  water  could  freely 
circulate.  When  withdrawing  the  drilling  tools  one 
could  hear  the  water  spouting  out  of  the  holes. 

in  1928,  in  Spanish  Ilonduras,  Terzaghi  encountered 
a  very  similar  material.  Within  the  forests,  in  a  per- 
fectly undisturbed  state,  down  to  a  depth  of  at  least 
12  feet,  the  clay  was  full  of  root  holes  and  contained 
free  ground  water.  Permeability  tests  performed  on 
perfectly  undisturbed  samples  showed  that  the  coefh- 
cient  of  permeability  averaged  0.015  centimeter  per  min- 
ute. Then  the  texture  of  the  material  was  completely 
destroyed,  thus  securing  perfectly  homogeneous  samples 
consisting  of  exactly  the  same  material  and  exactly 
the  same  water  content  as  before.  After  this  operation 
the  coefficient  of  permeability  was  found  to  be  eciual  to 
0.0000002  centimeter  per  minute.  The  undisturbed 
material,  therefore,  showed  a  permeability  seventy-five 
thousand  times  greater  than  the  disturbed  samjjle. 

In  nature  the  same  clay  may  occur  either  in  the  Hrst 
or  in  the  second  state.  Dei^ending  on  this  state  it  can 
either  be  readily  drained  or  not  at  all  which,  as  a  matter 
of  course,  has  a  tremendous  influence  on  the  perform- 
ance of  the  subgrade. 

Clays  in  a  perfectly  homogeneous  state  are  encoun- 
tered almost  exclusively  in  fairly  deep  cuts.  In  this 
state,  exactly  the  same  clay  may  either  be  stiff,  medium, 
or  soft,  depending  on  its  water  content.  Hence  the 
water  content  determines  whether  the  sup])orting 
(piality  is  good,  medium  or  poor.  Since  the  clay  in  a 
homogeneous  state  does  not  contain  free  ground  water 
and  since,  in  addition,  the  capillary  movement  of  the 
water  is  exceedingly  slow,  there  is  very  little  or  no  frost 
heave  to  be  expected.  On  the  other  hand,  the  pave- 
ment may  suffer  badly  from  unequal  shrinkage  of  the 
subgrade.  For  the  same  clay  this  effect  will  be  the 
greater,  the  greater  the  original  water  content.  For 
different  clays  of  equal  consistency  (compressive 
strength  per  unit  of  area  of  an  uncontined  specimen) 
the  clay  with  the  higher  jilasticity  and  highei'  licpiid 
limit  will  be  the  worse. 

The  behavior  of  the  porous  varieties  of  the  Group  A-G 
clays  will  essentially  depend  on  the  degree  of  permea- 
bility and  on  the  position  of  the  highest  ground-water 
level.  If  the  ground-water  level  is  permanently  low, 
due  to  favorable  drainage  conditions,  the  subgrade  is 
stable  and  there  is  little  frost  heave.  Under  the  in- 
fluence of  traffic,  the  subgrade  becomes  more  and  more 
compacted.  On  the  other  hand,  if  the  ground  water 
level  is  high,  there  exists  the  danger  of  very  appreciable 
frost  heave  and  the  supporting  quality  of  the  soil  is 
likely  to  be  jiooi-. 

Thus  the  interaction  between  the  (iroup  A-(5  sui)- 
grade  and  the  pavement  may  be  very  difl'erent,  depend- 
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ing  on  whether  the  clay  is  encountered  in  a  homo- 
geneous or  in  a  porous  state.  Therefore  one  clay  may 
be  very  poor  in  cut  and  good  in  natural  ground  sur- 
face, another  vciy  good  in  a  cut  and  very  poor  in 
natural  ground  suiface. 

If  used  in  lills,  the  soils  of  the  (irouj)  A  (i  subgi'ades 
are  apt  to  settle  during  a  jjciiod  exceeding  one  year. 
Both  the  quality  of  the  fill  and  the  speed  of  (H)ns()li(la- 
tion  will  depend  on  whether  the  clay  readily  slakes  and 
sloughs  or  whether  it  is  loath  to  take  in  water.  In  tliis 
respect,  clays  with  a  high  plasticity  and  a  high  li(juid 
liinit  (poor  in  cut,  due  to  great  miequal  shrinkings) 
may  be  more  favorable  than  rapidly  slaking  clays  with 
a  low  ])lasticity  index  and  a  low  li([uid  limit  (good  in 
cut).  The  same  chiy,  extracted  from  the  same  (nit, 
inay  furnish  a  good  or  a  poor  (ill,  depending  on  wluMhci- 
it  was  placed  during  the  dry  or  the  rainy  season. 

Figure  17  illust rates  one  of  the  many  ways  in  which 
field  conditions  may  influence  Group  A-6  subgrades. 


ORIGINAL  GROUND 
SURFACE 


TOP  SOIL  VERY  PERMEABLE, 
HIGH  GROUND  WATER  LEVEL    ^ 


ROAD    SURFACE ^ 


ROAD  ON  VERY 
6000  FILL 


SUBSOIL  HOMOGENEOUSjALMOST 
IMPERMEABLE   SOIL 


ROAD   ON  NATURAL  TOP  SOIL,LOW 
SUPPORT,  SUBJECT  TO  FROST  HEAVE, 
NOT  APT  TO  SHRINK  AND  EXPAND 
UNEQUALLY 


ROAD  IN  CUT,600D 
SUPPORT,  VERY 
.LITTLE  FROST  HEAVE, 
SUBJECT  TO  UNEQUAL 
SHRINKAGE  AND  EX- 
PANSION 


Figure  17. — Crosm  Sioctkjn  Showing  Effect  of  Fikld  Con- 
ditions   ON    THI<;    (^CALITY    OF    GrOUP    A-6    SUBCUtAUE 

<;i{()lIP  A  7  INCUDKS  CLAY  SOILS   WITH  KLASTIC   AND   HI(;HLY 
KXPANSIVE   PROPERTIES 

Similar  to  the  subgrades  of  Group  A-fi,  tliosc.  of  this 
grouj)  may  contain  a  high  percentage  of  <'lay.  Differ- 
ing from  the  subgrades  of  the  foregoing  group,  those  of 
this  one  may  either  contain  only  a  very  small  jx'r- 
centage  of  (inei-  clay  i)articles  or  they  may  contain  an 
abundance  of  such  material  combined  with  organic, 
matter  or  coarse-grained  mica  in  the  soil.  In  both 
cases  the  voids  will  average  very  mucli  larger  than  those 
of  the  (iroup  A-G  .subgrades.  This  in  turn  causes  the 
Group  A-7  subgrades  to  have  higher  permeability  and 
smaller  resistance  to  the  flow  of  water  toward  the  sui- 
face of  evaporation  than  the  A-G  subgrades.  (Conse- 
quently these  subgrades  behave  differently,  both  when 
exposed  to  free  moisture  and  when  exj:)osed  to  tlie  air. 

When  exposed  to  free  moisture,  the  A  7  subgrades 
take  in  water  more  rapidly  than  those  of  Group  A-(). 
Thus  when  resting  under  water  for  the  same  period  of 
time,  the  depth  of  .softening  in  the  A-7  subgrades  will 
equal  many  times  that  in  the  A-G  subgrades. 

To  illustrate  the  difference  in  the  two  subgradi^s 
when  drying,  let  a  larg(>  ball  of  each  having  e([ual  con- 
sistency initially,  dry  under  similar  conditions  for  the 
same  period  of  time.  Upon  examination,  the  ball  of 
A-G  material  will  be  found  to  have  a  soft  core  sur- 
rounded by  a  dry  crust.  The  moisture  content  of  the 
A-7  material  in  contrast  will  decrease  uniformly  fiom 
the  center  to  the  surface  of  the  ball. 

These  examples  explain  why  wetting  and  drying 
under    field     conditions    produce    in    A-7     subgrades 
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effects  more  detrimental  than  those  produced  by  similar 
field  conditions  in  A-6  subgrades.  Only  when  moist 
are  these  subgrades  spongy  or  jelly-like.  Thus  they 
differ  from  the  subgrades  of  Group  A-5  which  have 
elastic  properties  also  when  dry. 

The  Grou])  A-7  subgrades  show  laboratory  test 
results  similar  to  those  of  Group  A-6  except  as  follows: 
Effective  size  greater  than  0.002  millimeter  except 
when  soil  particles  are  grouped  due  to  coagulation 
(when  so  grouped  the  hydrometer  test  indicates  effec- 
tive size  as  being  greater  than  0.002  millimeter):  shrink- 
age limit  less  than  30;  field  moisture  equivalent  may 
exceed  35;  for  values  above  30,  field  moisture  equiva- 
lents more  nearly  equal  to  the  lower  liquid  limit  than 
in  subgrades  of  Grou])  A-C  and  may  exceed  centrifuge 
moisture  eciuivalent;  nonwater  logging  in  centrifuge 
moisture  equivalent  test. 

The  Illinois  gumbo  is  representative  of  the  Group  7 
soils.  In  one  instance  during  the  construction  of  the 
Bates  Eoad,  this  soil,  when  wetted  by  a  slight  rain, 
expanded  from  a  compacted  semidry  state  and  raised 
the  elevation  of  the  subgrade  surface  Y^  to  %  inch 
over  night.  This  soil,  when  it  contained  about  30  per 
cent  of  water  and  when  deformed  in  amounts  varying 
between  0.02  and  as  much  as  0.29  of  an  inch,  was  almost 
perfectly  elastic.  Within  these  limits  the  deflections 
increased  consistently  at  the  rate  of  0.01  of  an  inch  for 
each  additional  pound  per  square  inch  soil  pressure  {2). 
The  elastic  properties  of  the  Illinois  gumbo  were  very 
clearly  disclosed  by  repeated  application  and  removal 
of  loads  in  the  field  (S).  The  soils  of  Kansas  and 
Missouri  which  caused  irregular  cracks  in  concrete 
pavements  as  previously  noted  also  are  representative 
of  the  soils  of  this  class. 

The  inefficiency  of  macadams  when  laid  on  elastic 
soils  of  this  group  is  demonstrated  by  the  results  of 


the  Bates  Road  test.  Pressure-cell  observations  indi- 
cate that  the  stability  which  the  macadam  bases 
received  during  construction  was  very  much  reduced 
by  the  application  of  the  lightest  wheel  loads  (2,500 
pounds).  Failure  of  these  bases  due  to  lateral  flow  of 
the  subgrade  appeared  soon  afterwards  (S). 

The  field  conditions  are  apt  to  exert  an  influence  on 
the  quality  of  the  Group  A-7  subgrades  similar  to  that 
described  for  the  A-6  subgrades.  Long  wet  spells 
followed  by  long  periods  of  dry  weather  may  produce 
very  detrimental  volume  change  as  shown  in  Figure  18. 
With  well-distributed  rainfall  and  fairly  constant  posi- 
tion of  the  ground-water  level  these  subgrades  furnish 
good  support  for  concrete  pavements  provided  there  is 
no  excessive  frost  action.  Because  of  their  elasticity 
the  A-7  subgrades  seem  less  apt  to  become  compacted 
under  traffic  than  do  the  permeable  varieties  of  Group 
A-6.  The  rapid  expansion  of  the  A-7  subgrades  which 
causes  the  occurrence  of  irregular  cracks  in  concrete 
before  setting,  occurs  only  when  these  subgrades  con- 
tain a  particular  moisture  content  during  the  placing  of 
the  concrete.  This  property  is  therefore  clependent 
on  field  conditions. 

GROUP  A  8  SOILS  INCLUDE  PEAT,  MUCK,  AND  SIMILAR  MATERIALS 

Subgrades  consisting  of  peat,  muck,  and  similar 
materials  which  aft'orcl  exceptionally  low  support  are 
easily  recognized  in  the  field  without  test.  Their 
properties  were  described  in  a  paper  published  by 
V.  R.  Burton  {21). 

NONUNIFORM  SUBGRADES  DISCUSSED 

Group  B~l . — These  sugbrade  conditions  can  be  due  to 
three  different  causes;  viz,  fairly  rapid  succession  of 
soil  types  within  the  top  layers  of  the  ground,  fairly 
rapid  change  in  the  field  conditions  (soft  and  stiff 
consistency,  dense  or  loose  texture,  etc.),  or  a  fairly 
rapid  change  in  the  soil  profile. 

Typical  representatives  of  the  first  cause  may  be 
found  in  those  cases  where  the  subgrade  consists  of 
clay  with  pockets  or  streaks  of  sand  or  where  the  sub- 
grade  consists  of  sands  with  layers  or  pockets  of  clay. 
The  effect  of  field  conditions  on  the  ciuality  of  the  sub- 
grade  will  be  approximately  as  important  as  their 
effect  on  the  quality  of  soil  type  which  dominates. 
(See  effect  of  field  conditions  on  imiform  subgrades 
A-1  to  A-7.) 

The  second  cause  of  lack  of  uniformity  is  illustrated 
by  stiff".  Group  A-6  clays  with  pockets  of  the  same  clays 
of  softer  consistency.  It  leads  to  local  variations  in 
the  quality  of  support  or  in  the  effect  of  wetting  and 
drying. 

The  third  cause  indirectly  leads  to  lack  of  uniformity 
by  reason  of  unequal  field  conditions.  An  instructive 
example  was  presented  in  Figure  12-C.  Due  to  the 
presence  on  the  right  side  of  the  profile  of  an  im- 
permeable bottom  stratum  at  a  moderate  depth  below 
the  surface,  the  silt  above  remained  permanently 
saturated  and  the  pavement  broke  up.  On  the  left 
side  the  impermeable  bottom  stratum  was  located  at 
a  great  depth.  As  a  consequence,  the  top  layer  was 
well  drained,  and  the  pavement  remained  in  good 
condition. 

Group  B-2. — These  subgrades  are  obtained  by  con- 
structing fills  with  soils  having  very  different  physical 
characteristics.  Fill  material  obtained  from  ground 
stratified  in  a  horizontal  direction  is  automatically 
mixed  by  the  steam  shovel  and  the  lack  of  uniformity 
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in  the  fill  will  be  negligible.  On  the  other  hand,  if  the 
steam  shovel  works  in  succession  in  materials  of  differ- 
ent character,  the  till  will  be  very  nonuniform  and  the 
road  surface  will  suffer  from  imequal  subsidence  and 
unequal  supporting  power  of  the  foimdation. 

Group  B-3. — In  passing  from  cut  to  natural  ground 
surface,  the  road  passes  over  the  same  soil  existing  imder 
very  different  held  conditions.  The  effect  of  this 
difference  in  field  conditions  will  be  the  more  important 
as  the  character  of  the  soil  approaches  the  character  of 
a  highly  plastic  clay.  For  nonplastic  soils  dift'erence 
between  cut  and  natural  ground  is  insignificant.  If 
the  subgrade  encoimtered  at  the  bottom  of  the  cut  is 
in  itself  nonuniform,  we  face  a  combination  of  Groups 
B-1  and  B-3. 

Similar  conditions  exist  if  a  road  passes  from  cut  or 
natural  ground  surface  into  fill.  Since  fills  inevitably 
settle,  while  the  natural  groimd  does  not,  the  boundary 
between  the  fill  and  the  cut  inevitably  presents  a  weak 
zone.  For  equal  fill  materials,  the  pavement  defects 
will  be  the  more  important,  when  there  is  lack  of 
compaction  during  construction. 

Well  compacted  mixtures  of  stones,  grit,  and  dust 
or  clay  (residual  top  soils)  as  a  rule  make  good  side 
hill  fills.  There  are,  however,  exceptions  to  this  rule. 
Thus  the  residual  soils  derived  from  Virginia  and 
Kentucky  carboniferous  shales  may  be  perfectly  stable 
or  flow  out,  depending  on  whether  they  are  located  on 
dry  ground  or  whether  they  rest  above  fissures  or 
seams  through  which  water  percolates  out  of  the 
ground  into  the  fill.  The  same  is  true  for  side-hill 
fills  of  clay. 

From  what  precedes,  it  is  apparent  that  the  results 
of  laboratory  tests  are  sufficient  for  deciding  to  which 
one  of  the  Groups  A-1  to  A-8  a  subgrade  belongs. 
This  identification  depends,  however,  not  so  much 
upon  the  results  furnished  by  any  particular  test  as 
upon  the  interrelation  of  results  furnished  by  dift'erent 
tests.  It  should  also  be  emphasized  that  the  identi- 
fication can  be  disclosed  by  different  test  combinations. 
The  principal  goal  of  future  research  in  this  line  merely 
consists  in  finding  out  which  j^articular  test  combina- 
tion makes  it  possible  to  obtain  the  desired  result  at 
a  minimum  expenditure  of  time  and  money.  On  the 
other  hand,  it  also  becomes  clear  that  within  each 
group,  particularly  the  groups  A-6  and  A-7,  two 
subgrades  with  identical  raw  material  can  behave  very 
dift'erently,  depending  on  the  field  conditions.  Hence, 
in  order  to  evaluate  the  quality  of  a  subgrade,  both 
the  results  of  the  laboratory  tests  and  the  results  of 
the  field  survey  must  be  given  equally  full  consideration. 

BEARING    PROPERTIES    DEPEND    ON    THE    COMBINED    EFFECT    OF 
COHESION    AND   INTERNAL   FRICTION 

In  the  preceding  sections  of  this  paper,  the  difference 
in  bearing  power,  or  the  capacity  of  soils  to  resist  the 
penetration  of  loads,  has  been  repeatedly  presented  as 
one  of  the  most  outstanding  and  distinguishing  features 
of  the  dift'erent  subgrades.  In  the  following  discussion 
there  is  presented  an  analysis  of  the  physical  factors 
upon  which  the  ultimate  bearing  capacity  of  a  soil 
depends. 

It  is  almost  universally  recognized  nowadays  that 
the  ultimate  resistance  of  soils  to  the  penetration  of 
heavy  bodies  depends  on  the  following  two  physical 
properties  of  the  loaded  soil:  (a)  The  cohesion  (that 
part  of  the  resistance  to  shear  which  is  independent  of 
the  outside  pressure  that  acts  on  the  soil);  and  {h)  the 
internal  friction   (that  part  which  increases  in  direct 


proportion  with  the  j)ressure).  The  internal  friction  is 
noimally  ex])ress('d  l)y  the  angle  whose  tangent  is  ecpiai 
to  the  j-atio  between  the  frictional  resistance  and  llu> 
pressure  which  causes  it  (angle  of  internal  friction). 

It  should  be  understood  that  cohesion  and  inleinal 
friction  in  every  respect  correspond  to  the  shearing 
strength  of  solid  bodies.  They  represent  the  combined 
result  of  the  pro])erties  of  the  soil  constituents  and  of 
the  conditions  under  which  the  soil  exists.  Thus  they 
include  friction  and  true  adhesion  between  the  individ- 
ual particles,  skin  friction  between  soil  particles  due  to 
capillary  pressures,  etc.  When  these  conditions  change, 
both  the  cohesion  and  the  internal  friction  of  the  same 
nuiterial  arc  apt  to  change,  similar  to  the  chang(^  in 
shearing  strength  of  a  solid  body  due  to  change  in  the 
temperature.  Tlieief'ore,  strictly  speaking,  the  terms 
cohesion  and  internal  friction  refer  not  only  to  definite 
materials  but  also  to  definite  states.  In  general,  the 
finer  the  soil  constituents  the  more  variable  both 
quantities  become. 

Since  most  of  the  theories  of  bearing  capacity  are 
somewhat  elaborate,  a  crude,  appjoximate  method  is 
presented  for  computing  the  influence  on  bearing  capac- 
ity of  internal  friction,  cohesion,  and  the  other  factors 
on  which  the  bearing  power  depends.  The  purpose  of 
the  analysis  is  merelj^  to  demonstrate  the  relative 
importance  of  the  various  factors  involved.  It  may  be 
noted  that  the  results  furnished  by  this  approximate 
method  are,  numerically,  not  very  different  from 
the  results  furnished  by  the  inore  refined  analyses,  and 
qualitatively  there  is  no  difference  at  all. 

In  connection  with  all  the  following  computations  it 
is  assumed  that  the  load  acts  directly  on  the  surface  of 
the  natural  grounfl. 


FuJURE  19. — DiA(iu.\M  Used  in  Computing  the  Influence  of 
Internal  Friction  and  Cohesion  on  Bearing  Power 

The  principle  of  the  method  is  represented  by  Figure 
19.  Similar  methods  were  repeatedly  used  by  other 
investigators.  (See,  for  instance,  H.  Krey,  Erddruck 
und  Erdwiderstand,  Berlin,  1926.)  The  strip,  loaded 
with  g  per  unit  of  surface,  has  a  width  of  26  and  is  sup- 
posed to  be  very  long  as  compared  with  its  width.  Tlu> 
remainder  of  the  surface  of  the  ground  is  loaded  with  q\ 
per  unit  of  area.  Tlie  cohesion  of  the  soil  is  assumed 
to  be  equal  to  c  i)er  unit  of  area,  aiul  <p  denotes  the 
angle  of  internal  friction.  When  the  strip  is  h)aded  the 
prisms  CBD  tend  to  slide  downward.  But,  fx'f'ore  tliey 
can  do  this,  they  must  force  the  prisms  BDE  in  an  up- 
ward direction.  The  prism  CBD  exerts  against  BD 
the  "active  earth  pressure"  Hi,  and  the  sliding  plane 

CD  forms  with  the  veitical  an  angle  of  45°  — -^i  as  does 

the  sliding  plane  in  the  t)ack  fill  of  a  vertical,  peifectly 
smooth  retaining  wall.  On  the  other  hand,  the  force 
reqiured  to  move  the  soil  BDE  out  and  upward  requires 
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overeniiiing  the  ])assivo  earth  pressure  77,  and,  accord- 
iiig  to  the  laws  of  the  eartli  pressure  theory,  the  shding- 

plane  DE  forms  with  the  horizontal  an  angle  of  45°  — ;^- 

Along  the  sliding  planes  CD  and  DE  there  acts  first  of 
all  the  friction  (tangential  component  of  R  and  Ri, 
respectively)  and  then  the  cohesion  (c)  per  unit  of  area. 
Cohesion  and  friction  acting  along  the  inner  surface 
DB  are  neglected.  From  the  condition,  that  the  forces 
Q,  R,  and  77  acting  on  CBD,  and  the  forces  Q^  7?,,  and 
77],  acting  on  BDE  must  he  in  equilibrium  with  each 
other,  we  obtain  the  following  equations: 


and 


77  =  (^  (an('4o°-§y 


2bc 


77,= 


(>. 


26c 


tan 


(4r,°-f)     tan^(45°-|) 


The  vertical  force  Q  consists  of  the  external  load  qb  and 
the  weight  of  the  prism  BCD,  which  is  — 


2  tan 


(^^°-|) 


wherein  s  is  the  weight  per  unit  of  volume  of  the  soil. 
Hence, 

■..,„(4.',-|) 


In  a  similar  way  we  obtain 
2i^ 


Qi- 


bh 


tan=(45°-f)     2  tan^  (45°-|)' 


Finally,  if  </  represents  the  iiltimat(>,  bearing  capacity, 
the  two  forces  U  and  //,  should  jnst  balance  each  other. 
Hence 


QUm(A5°  -'^y   2hc 


(h 


2bc 


tan  (45°- l)     tan-' (^45° -|) 


By  introducing  into  these  terms  the  values  Q  and  (Ji 
and  solving  for  q  we  obtain 


gi j^ ^i  r 1 J 

tan*(45°-|)     2tan(45°-0     tan^('45°-|) 


2c 


tan 


('45°-|')sin2('45° 


--(1) 


In  deriving  this  fornuila  the  load  was  assumed  tc 
rest  directly  on  the  surface  of  the  ground,  with  no 
pavement  present  between  the  load  and  the  subgrade. 
Furtherinore,  the  load  was  assumed  to  act  over  a  very 
long  strip.  Loading  the  subgrade  in  this  manner  will 
cause  lateral  flow  similar  to  that,  which  as  shown  in 
Figures  20  and  21,  is  productive  of  pavement  failure. 
This  assumption,  however,  does  not  satisfy  the  condi- 
tion produced  by  a  wheel  load  rolling  upon  the  pave- 
ment. Therefore,  the  analysis  based  upon  this  assump- 
tion illustrates  only  the  relative  influence  exerted  by 
cohesion   and   internal    fiiction   upon   the  stabihty   of 


FuiUKE  20. — Latkhai.  Flow   of  Sand    Subgrade    Under 
Brick  Pavements  in  Florida 


Fkutre  21. — Failure  OF  Macadam  Ba.sk  o.x  a  (Imirr  A  7 
Subgrade.  The  Elasticity  of  thio  Subgrade  1'er- 
MiTTED  Bond  in  the  Macadam  to  be  Destroyed,  After 
Which  Lateral  Flow  Occurred  in  the  Subgrade 

soils  without  claiming  to  furnish  values  suital)le  as  a 
basis  for  road  design. 

This  formula  serves  to  demonstrate  the  influence  of 
such  factors  as  internal  friction  and  cohesion  of  the  soil, 
the  width  of  the  loaded  area  and  weight  applied  adjacent 
to  the  loaded  area  upon  the  ultimate  bearing  capacity 
of  subgrade  soils. 

INFLUENCE  OF  INTERNAL  FRICTION  AND  COHESION  ILLUSTR.^TED 

The  angle  of  internal  friction  which  we  encounter  in 
practice  ranges  anywhere  between  ^  =  2°  for  very  soft, 
fat  clay  of  the  Groups  A-6  and  A-7  and  cp  =  34°  and  more 
for  very  well  compacted  mixed  grained  sands  and  for 
dry  silts.  (Groups  A-1  to  A-3  and  Groups  A-4  and 
A-5  dry.)  The  angle  of  internal  friction  for  stiff  clays 
of  Groups  A-6  and  A-7  and  for  wet  silts  Groups  A-4 
and  A-5  is  ^=10°  (approx).  By  introducing  these 
values  into  equation  (1)  it  becomes: 
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g=1.15gi  +  0.086s  +  4.29c  .  .  .  <p=1°  (group  A-6  and  A-7,  soft) 
9  =  2.029,  +  0.61^s  +  5.77r  .  .  .  v;=10°  (group  A-4  and  A-5,  wet) 
9=12.50gi  +  10.816s+17.07c  .  .  .  ,p  =  34°  (group  A-1  to  A-3,  stiff) 

It  should  be  noticed  that  the  second  term  on  the 
right-hand  side  contains  \vei<iht  per  unit  of  vohimc(s). 
This  fact  should  call  our  attention  to  the  effect  of  a 
rise  in  the  ground  water  level  on  the  bearing  capacity 
of  cohesionless  sands.  If  the  water  rises  near  to  the 
surface  of  the  ground,  the  specific  gravity  of  the  sand 
apparentlj"  decreases  on  accoiuit  of  the  hydrostatic  up- 
lift; and,  as  a  consequence,  the  bearing  capacity  also 
decreases.  For  2i  =  0  and  c  =  0  (free  sand  surface  all 
around  the  load,  cohesionless  sand)  the  rise  of  the  ground 
water  to  the  base  of  the  load  should  theoretically 
produce  a  decrease  of  the  bearing  capacity  by  about 
35  per  cent.  This  is  true  since  the  first  and  last  terms 
on  the  right  side  of  the  equation  become  zero  and  the 
value  of  s  for  dry  material  and  wet  material  will  be  in 
the  ratio  of  2.65  to  1.65  (2.65  taken  as  specific  gravity 
of  sand  which  in  effect  becomes  1.65  when  buoyed  by 
water).  This  is  a  reduction  of  about  35  per  cent  in 
effective  weight  and  also  in  bearing  value.  According 
to  tests  performed  on  a  sharp-grained  sand  with  an 
effective  size  of  0.183  millimeters  and  a  uniformity 
coefficient  of  2.75  this  drop  seems  to  be  still  more  impor- 
tant in  practice.  Hence  the  fornmlas  show  that  the 
rise  of  the  ground  water  level  to  the  surface  is  apt  to 
have   a   considerable   eff'ect   on   the  bearing   capacity. 

In  order  to  demonstrate  the  influence  exerted  by 
cohesion  and  internal  friction  on  the  ultimate  bearing 
capacity  of  a  soil  let  it  be  assumed  that  21  =  0,  &  =  8.5 
inches  or  0.71  foot  and  s=  100  pounds  per  cubic  foot. 

For  a  well-graded  sand  with  some  mineral  binder 
(Group  A-1,  traffic-bound)  the  constants  are  approx- 
imately ^5  =  34°  and  c=  1,000  pounds  per  square  foot. 
(Binding  effect  of  the  fine  constituents.) 

Hence, 

g  =  12.5  X  0  +  10.81  X  0.71  X  100  +  17.07  X  1 ,000 

=  17,838  pounds  per  square  foot  (3) 

When  the  mineral  binder  required  for  j^roducing  the 
cohesion  c  is  absent  (Group  A-3),  we  have  c  =  0,  hence 

g=  12.5  X  0+  10.81  X  0.71  X  100+17.07 

X  0  =  768  pounds  per  square  foot  (4) 

The  silt  soils  (Group  A~4  and  A-5)  when  in  a  semi- 
dry  condition  may  have  a  fairly  high  supporting  value 
due  to  high  <p  and  an  appreciable  cohesion  c.  When 
they  are  thoroughly  saturated  with  water,  however, 
the  value  of  ip  may  drop  to  10°  while  their  cohesion  is 
negligible.  Hence  their  ultimate  bearing  capacity 
becomes 

5  =  2.02  X  0  +  0.61  X  0.71  X  100  +  5.77  X  0 

=  43  pounds  per  square  foot  (5) 

For  very  soft  clay  (Group  A-6  and  A-7,  soft)  the 
value  of  tp  is  not  more  than  about  2°,  but  the  cohesion 
is  appreciable  and  can  be  considered  about  equal  to 
200  pounds  per  square  foot.    Hence 

5=1.15X0  +  0.08X0.71X100  +  4.29X200 

=  864  pounds  per  square  foot.  (6) 

The  above  figures  plainly  demonstrate  the  range  of 
bearing  values  furnished  by  varying  the  values  of  c  and 
¥3  in  subgrade  soils. 

INFLUENCE    OF    WIDTH    OF    LOADED    ARE.-V    ON     BEARING     POWER 
DISCUSSED 

In  order  to  learn  about  the  effect  of  the  width  of  the 
loaded  area  on  the  ultimate  bearing  capacity,   assume 


&  =  7.1  feet  instead  of  0.71  feet  as  in  the  preceding 
example.  Results  of  computations  for  both  widths  aie 
shown  in  Tal)le  3. 

For  6  =  0.71  feel  it  will  be  noted  both  the  bearing 
capacity  of  the  sand  and  the  soft  clay  (Group  A3  and 
A-6)  are  practically  eejual  (768  against  864)  and  very 
small.  Therefore,  the  wheels  sink  into  both  mafei'ials. 
However,  when  the  width  of  the  loaded  belt  is  increased 
to  7.10  feet  the  bearing  capacity  of  the  sand  becomes 
more  than  8  times  that  of  the  soft  clay  (7,680  against 
915  lbs.  per  sq.  ft.). 

Thus,  under  traffic,  clean  sand  may  be  almost  as  unsat- 
isfactory as  soft  clay,  but  as  a  subgrade  for  a  concrete 
pavement  it  is  fai-  superior  to  the  clay.  The  more  tlu^ 
bearing  ca[)acity  depends  on  cohesion,  the  less  signi- 
ficant is  the  effect  of  the  size  of  the  loach'd  area  on  tlie 
ultimate  bearing  capacity. 

WEIGHT    APPLIED    ADJACENT    TO    LOADED    AREA     PRODUCES    AN 
EFFECT  WHICH  IS  DEPENDENT  ON  (CHARACTER  OF  SUBGRADE 

To  illustrate  this  influence  on  ultimate  bearing 
capacity,  let  a  cohesionless  sand  be  confined  by  a 
weight,  (/i,  equal  to  100  pounds  per  square  foot.  P>om 
formula  No.  1  the  ultinuite  bearing  capacity  of  the 
uncompacted  sand  loaded  on  an  area  0.71  foot  wide  is, 
according  to  computation,  equal  to  768  pounds  per 
scpiare  foot.  After  application  of  the  confining  weight 
</i  we  obtain 

g=12.5X  100  +  10.81X0.71X100+17.07x0  = 

2,018  pounds  per  square  foot.  (7) 

Hence  by  the  application  of  gi=100  pounds  per 
square  foot  around  the  loaded  area,  the  bearing  capacity 
of  the  sand  is  increased  by  1,250  pounds  per  square  foot. 

Tabmo   3. —  Ullinialc  licaring  capaciti/  us   iiijliienccd  by    irldth    of 
loaded  area 


Width  of 

loaded  area 

in  feet 

(iroup  A-1 

Group  A-3 

Group  .\-4 

Group  A-6 

¥'=34°, 
(■=1,000 

^  =  34°,  c=0 

¥>=10°,  c=0 

*.=2°,  c=200 

0.71 
7.  10 

Pounds  per 

square  foot 

17,838 

24, 745 

Pounds  per 
square  foot 
768 
7,680 

Pounds  per 

square  foot 

43 

430 

Pounds  per 
square  foot 

864 

915 

In  contrast  to  its  efl'ect  on  the  bearing  capacity  of 
soils  having  high  value  of  (p  and  low  values  of  c  (clean 
sands),  the  efl'ect  of  the  same  value  of  qi  in  increasing 
the  support  of  soils  having  low  values  of  (p  and  high 
values  of  c  (plastic  clays)  is  very  small.  For  instance, 
the  bearing  capacity  of  the  very  soft  clay  was  fourul 
to  be  equal  to  864  pounds  per  square  foot;  that  is, 
slightly  higher  than  that  of  the  cohesionless  sand.  By 
charging  the  soil  adjacent  to  the  lead  with  (/,  100 
pounds  per  square  foot,  there  results 

g  =  1 .15  X  100  +  0.08  X  0,7 1  X  100  +  4.29  X  200  =  979 

pounds  per  square;  foot —  .    _-(8) 

or  an  increase  of  but  1 15  pounds  per  square  foot  com- 
pared with  an  increase  of  1,250  pounds  obtained  in 
the  sand. 

Thus  to  furnish  similar  increases  in  subgrade  support, 
the  value  of  (ji  must  be  considerably  greater  for  soils 
deficient  in  internal  friction  than  for  soils  deficient 
in  cohesion. 

Table  4  furnishes  additional  information  on  the 
influence   of  cohesion    and  internal   friction    upon    the 


54 


PUBLIC    RO\DS 


Vol.  10,  No.  3 


values  of  q  and  q^.  It  represents  a  compilation  of 
what,  at  present,  are  considered  by  the  authors  the  most 
reliable  data,  derived  from  different  sources.  The 
iio;ures  check  reasonably  well  with  those  published  in 
Merriman's  American  Civil  Engineers  Handbook, 
fourth  edition. 

In  practice  the  weight  q^  is  furnished  by  the  pave- 
ment, and  its  magnitude  depends  upon  the  relative  load 
distribution  afforded  by  the  different  pavements. 

Table  4. —  Valuat  of  c  and  'P  for  different  soils  and  their  influence 
upon  the  value  of  q  and  qx  for  .several  assumed  conditions  (6  = 
(1.71  foot  and  s  =  l(>()  pounds  per  square  foot) 


Cohesion. 

r,  pounds 

per  square 

foot 

Angle  of 
internal 
friction. 

Supporting  value, 
g,    pounds    per 
square  foot 

Increase 
in  sup- 
porting 

value  by 

Soil 

?!  =  0 

r/i  =  100 

increas- 
ing (/. 
from  0  to 

100 

pounds 

per  square 

foot 

100 

200 

400 

1,000 

1,500 

2,000 

0 

II 

400 

1,000 

Degrees 
0 
2 
4 
6 
8 
12 
10 
34 

30 

34 

400 

864 

1,857 

4,982 

8,050 

12,  528 

43 

708 

fi,  035 

17,838 

500 
978 
1,991 
5,134 
8,  225 
12,7fi0 
245 
2,  018 

6,935 

19,080 

Per  cent 
25 

Clay,  very  soft 

Clay,  soft. 

13 

7 

Clay,  fairly  stiff 

3 

Clay,  stiff. 

2 

Clay,  very  stiff 

Silts,  wet  1. 

2 
469 

Sands,  dry 

Sand  predominating  with  some 
clay 

Sand-gi-avel  mixtures,   cement- 
ed 2.... 

163 
15 

7 

'  In  silty  soils,  the  angle  of  internal  friction  may  vary  between  10  and  30  degrees 
but  the  cohesion  may  be  almost  0. 

''  In  properly  graded  soils  (Class  1),  depending  upon  the  extent  of  their  con. paction, 
the  angle  of  internal  friction  may  exceed  34°  and  the  cohisinn  may  be  considerably 
less  than  l.oiiil. 

The  preceding  computations  show  that  relative 
stability,  with  the  same  hinder  (mineral  or  bituminous) 
depends  upon  the  relative  internal  friction  of  the 
mineral  aggregates;  and  with  the  same  mineral  aggre- 
gate, relative  stability  depends  upon  the  relative 
cohesion  of  the  binders. 

Finally,  attention  should  be  called  to  the  fact  that 
both  internal  friction  and  cohesion  of  a  subgradc  can 
considerably  change  under  the  effect  of  continued 
traffic.  This  is  true  for  the  subgrades  of  l)()th  traffic- 
bound  and  macadam  roads.  The  causes  of  these 
changes  may  be  twofold;  either  mere  compacting  by 
vibration,  or  compacting  combined  with  migration  of 
coarse  material  into  finer  substrata,  whereby  the 
(•o(>fficient  of  internal  friction  increases. 

PRECAUTIONARY    MEASURES    FOR    OVERCOMING    EFFECTS    OF 
UNDESIRABLE   SUB(;RADE   SUPPORT 

Measures  suggested  for  preventing  the  occurrence  of 
imdesirable  conditions  in  pavements  may  be  grouped 
into  five  classes,  as  follows: 

1.  Drainage. 

2.  Subgrade  surface  treatments. 

3.  Subgrade  treatments. 

4.  Base  courses  and  load  distributors. 

5.  Subdivision  of  concrete  pavements  and  steel 
reinforcement. 

Lack  of  conclusive  information  on  the  efficiency  of 
the  methods  suggested  for  improving  subgrade  support 
causes  part  of  the  following  discussion  to  be  more  or 
less  theoretical  in  nature.  Therefore  the  discussion  of 
artificial  drainage,  subgrade  treatments  and  porous 
sub-bases  suggests   proper  courses    to   be   followed    in 


experimentation    rather    than    recommendations    for 
established  procedure  to  be  used  in  practice. 

OESKiN  OF  DRAINAGE  SYSTEMS  SHOULD  BE  GOVERNED  BY  KNOWL- 
EDGE   OF   SOIL    CHARACTERISTICS 

Saturation  of  a  soil  which  previously  was  moist,  is  apt 
to  cause  either  a  considerable  decrease  of  cohesion 
(Groups  A-6  and  A-7)  or  a  decrease  of  both  cohesion 
and  friction  (Groups  A-4  and  A-5).  Hence,  preventing 
saturation,  by  appropriate  drainage,  can  considerably 
improve  the  bearing  properties  of  soils  of  these  types, 
l^nfortunately  the  ability  of  soils  to  draw  up  and  retain 
moisture  agamst  the  force  of  gravity,  and  the  ability  of 
ice  crystals  during  their  formation  to  draw  moisture  up 
through  the  subgrade  beneath  and  thus  on  thawing  to 
liberate  immense  volumes  of  free  water  on  top  of  the  sub- 
grade,  limit  the  efficiency  of  drainage  as  to  means  of  pro- 
viding the  required  stability  in  all  cases  (^2).  In  spite  of 
this  limiting  circumstance,  artificial  drainage,  according 
to  existing  evidence,  may  be  used  beneficially  in  many 
instances.  The  figures  in  Table  2  show  that  concrete 
slabs  of  eciual  thickness  furnish  much  less  resistance  to 
impact  when  laid  on  wet  than  when  laid  on  drained  sub- 
grades.  The  support  offered  by  the  subgrade,  shown 
in  the  top  picture  of  Figure  22,  was  so  low  before 
draining  that  the  transportation  of  construction 
materials  was  seriously  impeded.  After  the  completion 
of  the  trench,  the  support  of  the  subgrade  was  increased 
to  an  extent  which  eliminated  all  difficulty  of  this  kind. 
A  similar  use  of  side  trenches  might  have  prevented 
the  failures  shown  in  the  two  lower  pictures  of  Figure  22. 

Di'ainage  systems  should  be  designed  with  regard  to 
the  following  facts: 

1.  Where  topography  prevents  the  ground-water 
level  from  being  lowered  to  a  depth  greater  than  the 
height  of  the  capillary  rise,  and  where  the  soil  is  dense 
and  without  cracks,  stratification  and  other  openings, 
(homogeneous  varieties  of  Groups  A-6  and  A-7)  arti- 
ficial drainage  structures  may  be  of  little  use.  Other- 
wise, tile  drains  and  trenches  may  be  used  beneficially 
wherever  the  moisture  content  of  the  subgrade  is  infiu- 
enced  by  the  presence  of  free  water  (£f ). 

2.  In  northern  climates,  freezing  at  the  outlets  may 
occur  first  and  in  this  case  the  amount  of  water  which 
may  accumulate  and  freeze  under  the  pavement  depends 
upon  the  space  furnished  by  the  pores  in  French  drains, 
subbases,  etc.,  which  exist  there. 

3.  Tile  drains  and  trenches,  to  be  effective  for  com- 
pletely intercepting  free  water  in  porous  soil  strata 
underlaid  by  impervious  strata,  must  of  necessity 
extend  to  the  bottom  of  the  porous  layer  of  soil. 

4.  Under  all  conditions,  adequate  provision  should 
be  made  to  drain  water  through  impervious  shoulders. 
It  is  especially  desirable  to  prevent  the  water  liberated 
from  the  top  layers  of  the  sid)grade  soil  by  thaw  from 
being  trapped  by  the  frozen  soil  beneath  and  the  frozen 
shoulders  on  the  sides.  Figure  23  A  shows  trapped 
water  of  this  kind  escaping  from  beneath  the  pave- 
ment through  an  excavation  made  in  the  shoulder. 
Figure  23  B  shows  pools  of  water  which  remained  on 
an  impervious  shoulder  seven  days  after  a  rain.  Figure 
23  C  shows  the  eff'ect  of  trapping  water  on  a  fill  by 
means  of  impervious  shoulders  in  the  absence  of  frost 
action.  Figure  24  shows  another  fill  on  wdiich  water 
was  trapped,  water  seeping  through  the  abutment  of 
the  bridge  shown  in  the  first  picture,  and  the  water 
which,  in  three  minutes,  gathered  in  a  hole  in  the  pave- 
ment surface  laid  on  this  fill.  This  hole  was  dug 
.seven  davs  after  a  rain. 
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Figure  22. — The  Top  Picture  Shows  a  Dkaixack  Trkm  ii  Which  Interceptkd  Skki'acje  Coming  From 
Under  the  Corn  Field  at  the  Left,  Thus  Increasinc;  the  Stability  of  the  Road  Surface.  The 
Lower  Pictures  Show  Failures  in  Cuts  Which  Might  Have  Been  Prevented  by  Means  of  Side 
Trenches  Similar  to  That  Shown  Above 


Drainage  of  Group  A-1  subgrades  merely  serves  to 
reduce  the  danger  of  frost  heave  and  of  Group  A-2 
subgrades  to  prevent  botli  fiost  heave  and  the  soften- 
ing of  the  binder. 

In  the  subgrades  of  Gi'oups  A-4  and  .A-5,  water 
rises  by  capillarity  very  rapidly  and  to  great  heights. 
Therefore,  to  be  beneficial  in  increasing  both  the  cohe- 
sion and  internal  friction  and  in  reducing  the  danger 
of  frost  heave,  drainage  must  keep  the  ground  water 
level  at  a  very  considerable  depth  below  the  road 
surface.  Otherwise  drainage^  is  ineffective.  Special 
effort  should  be  made  to  diain  fills  consisting  of  Group 
A-4  and  A-5  subgrades. 

Groups  A-6  and  A-7  subgrades  can  be  drained  only 
when  they  are  encountered  in  a  permeable  state.  When 
encountered  in  a  homogeneous  state  (deep  cuts)  they 
are  practically  impermeable  and  deep  side  ditches  would 
merely  decrease  their  bearing  power  and  favor  \mefpial 
shrinkage,  without  producing  drainage.  In  such  cuts 
it  is  preferable  to  conhne  the  drainage  measures  to 
the  construction  of  tile  drains  beneath  the  shoulders 
of  the  concrete  pavement,  to  collect  the  water  which 
may  accumulate  between  pavement  and  subgrade. 


Fills  consisting  of  Groups  A-()  and  A-7  subgrades 
should  be  as  carefully  drained  as  those  consisting  of 
A~4  and  AT)  subgrades.  Fills  that  consist  of  very 
slightly  permeable  materials  with  great  moisture  liold- 
ing  capacity  are  veiy  loath  to  give  u[)  their  water. 
Hence,  they  should  be  placed  during  the  dry  season, 
and  measures  should  be  taken  to  prevent  the  rain 
water  from  penetrating  them. 

Free  water  having  access  to  the  base  of  side-hill  fills 
is  particularly  dangerous  (23).  Free  water  of  this 
kind  when  su])plicd  by  porous  layers  located  between 
impervious  layers  in  the  supporting  soil  (24)  should  be 
intercepted  by  trenches  and  tile  drain  placed  along  the 
hill  side  of  the  pavement.  When  the  supporting  soil 
throughout  is  permeable,  artificial  drainage  may  not 
afford  benefit  and,  in  (his  case,  the  material  used  for  the 
side-hill  fill  should  l)c  permeable,  at  least  to  the  same 
degree. 

Free  water  is  del  liiiu'iital  also  when  it  has  access  to 
(he  base  of  (ills  located  on  more  or  less  horizontal 
ground.  When  artificial  drainage  does  not  furnish  a 
practical  means  for  icinoving  free  water  which  occurs 
at  the  base  of  fills  and  when  relocation  of  the  road  is 
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Figure  23. — A,  Water  Escaping  from  Beneath  Pavement  Through  Excavation  in  Shoulder;  B,  Pool 
OF   Water  Trapped  on  Shoulder  After  a   Rain;  C,  Failure  Due   to   Water  Trapped  on  Fill  by 


Impervious  Shoulder 

inipractical,  the  fill  material  must  possess  stability  in 
an  amount  sufficient  to  prevent  squeezing  out  or  flowing 
of  the  lower  portion  when  wet.  Otherwise,  pavement 
failure  will  occur. 

SUBGRADE  SURFACE  TREATMENTS  USED  TO  PREVENT  CHANGES 
IN  CHARACTER  OF  SUBGRADE 

The  surface  treatments  have  the  common  feature  that 
they  are  confined  to  the  surface  or  to  a  very  thin  top 
layer  of  the  soil.  Their  purpose  does  not  consist  in 
changing  the  character  of  the  top  soil  but  in  preventing 
its  change.  Therein  they  differ  from  the  subgi-ade 
treatments. 

Tar  paper  coreruig. — One  of  the  simplest  surface 
treatments  for  use  with  concrete  pavement  consists 
in  covering  the  surface  of  the  subgrade  with  a  layer  of 
tar  paper,  prior  to  placing  the  concrete,  in  order  to 


prevent  soils  of  the  Group  A-7  from  detrimental  expan- 
sion beneath  the  fresh  concrete. 

In  Iowa,  R.  W.  Crum  {25)  eliminated  irregular 
cracking  which  occurred  in  newly  constructed  slabs  by 
placing  a  layer  of  tar  paper  on  the  subgrade  prior  to  the 
laying  of  the  concrete.  Whether  the  cracking  referred 
to  was  caused  by  expansion  of  the  subgrade  by  the 
water  it  received  from  the  newly  deposited  concrete  is 
not  known.  Tar  paper,  however,  or  any  other  medium 
which  prevents  loss  of  moisture  from  the  newly  laid 
concrete  and  corresponding  increase  in  the  moisture 
content  of  the  subgrade  until  after  the  pavement  slabs 
have  developed  appreciable  strength,  may  be  of  benefit 
for  reducing  the  extent  of  irregular  cracking. 

Oiling. — In  this  treatment  the  oil  merely  forms  a  mat 
on  the  surface  and  does  not  penetrate  the  soil  appro- 
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Figure  24. — A  Fill  ix   Which  Water  was  Trapped,  Water  Seeping   Through   the   Abutment   Shown 
IN  THE  Fill  and  Water  Seeping  in  a  Hole  Cut  in  the  Pavement  on  the  Fill 


ciably.  This  procedure  has  no  effect  on  the  inevitable 
softening  of  A-6  and  A-7  subgrades  as  a  result  of 
manipulation,  but  it  effectively  prevents  additional 
softening  which  would  be  caused  by  moistening  from 
above.  Therefore,  it  reduces  the  tendency  of  the  soil 
to  work  up  into  the  interstices  of  superimposed  layers 
of  gravel,  slag,  or  crushed  stone. 

Oiling  the  clay  soil  before  applying  a  layer  of  gravel 
is  practiced  in  Minnesota.  This  work  is  in  the  ex- 
perimental stage  and  definite  results  have  not  yet  been 
reported.  According  to  F.  C.  Lang  (26)  this  treatment 
is_  used  on  certain  gumbo  subgrades  in  which  gravel 
disappears  during  wet  periods. 

A  treatment  of  this  kind  applied  to  well  graded 
materials  quickly  determines  whether  the  subgrade  be- 
longs to  Group  A-1  or  A-2. 

A  treatment  of  this  kind  tends  to  prevent  evapora- 
tion of  moisture  from  the  road  surface  beneath.  There- 
fore, if  applied  to  top  soil  roads  which  have  not  been 
surface  treated  previously,  it  will  disclose  whether  they 
are  comprised  of  the  Group  A-1  materials,  which  do 


not  readily  soften  due  to  capillary  moistiu'e  or  the 
Group  A-2  materials,  which  do.  Thus  surface  treating 
top  soil  roads  for  an  appi-eciable  period  of  time  before 
covering  them  with  a  substantial  wearing  course  serves 
to  determine  whetliei'  tlie  top  soil  roads  in  cpiestion  are 
apt  to  furnish  the  desired  support  for  the  proposed 
wearing  course. 

Blanket  course. — Covering  the  surface  of  the  sub- 
grade  with  a  thin  layer  of  clean  granular  material  also 
should  reduce  the  tendency  of  the  soil  to  work  u])  into 
the  interstices  of  superimposed  pavement  layers. 
However,  in  this  case  the  purpose  is  accomijlishcnl  by 
the  introduction  of  mechanical  obstruction  instead  of 
by  preventing  tlie  top  layer  of  soil  fi-om  becoming  wet. 
The  blanket  course  serves  as  a  filter  which  retains  the 
sohd  part  of  the  clay.  For  this  reason,  the  blanket 
course  should  be  fine  grained. 

On  Group  A-4  and  A-5  subgrades  a  simple  blanket 
course  may  prove  satisfactory.  On  Group  A-6  and 
A-7  subgrades  the  blanket  should  preferably  be  com- 
bined with  oiling. 
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VARIOUS  SUBGRADE  TREATMENTS  USED  TO  INCREASE  SUPPORT- 
ING POWER  OF  SOIL 

The  subgrade  treatmenl  differs  from  the  surface 
treatment  inasmuch  as  it  has  the  purpose  of  changing 
the  supporting  quaUty  of  the  subgrade  to  a  depth 
sufficient  appreciably  to  change  the  load  distribution 
over  the  surface  of  the  natural  soil. 

This  change  can  be  produced  by 

1.  Lowering  the  moisture  capacity  of  the  soil,  thus 
preventing  the  loss  of  cohesion  due  to  saturation. 

2.  Introducing  cohesion  into  cohesionless  soils  or 
by  increasing  cohesion  in  feebly  cohesive  soils. 

3.  Increasing  internal  friction  in  cohesive  soils. 
Admi.xtures  and  subgrade  manipulation  are  used  in 

attempts  to  accomplish  these  purposes. 

Admixtures. — Admixtures  which  fulfill  their  ])urpose 
of  increasing  cohesion  and  friction  furnish  immense 
possibilities  for  increasing  the  quality  of  subgrades,  pro- 
vided they  are  used  in  stage  construction  prior  to  the 
application  of  high-grade  road  surface.  The  admixtures 
which  have  been  used  experimentally  are  granular 
materials,  Portland  cement,  lime,  light  asphaltic  oils, 
and  tars. 

Admixtures  of  the  granular  materials  are  proposed 
to  furnish  the  internal  friction  necessary  for  producing 
stability  in  the  cohesive  soils.  The  water  capacity  of 
the  mixture  of  granular  material  and  soil  is  less  than 
that  of  the  soil  alone.  This  is  simply  due  to  the  pres- 
ence of  coarse  admixture  which  reduces  the  percentage 
of  the  soil  capable  of  retaining  moisture. 

Admixtures  of  the  other  materials  mentioned  are  pro- 
posed merely  to  reduce  the  water  capacity,  thereby 
I'educing  the  shrinkage  and  expansive  properties,  and 
to  retain  the  natural  cohesive  properties  in  soils  which, 
after  the  incorporation  of  granular  materials,  are  re- 
duced to  mere  binders.  It  is  possible  also  that  Port- 
land cement  increases  the  internal  friction,  and  that 
bituminous  materials  increase  the  cohesive  properties 
in  fine-grained  soils.  The  bituminous  materials  in  this 
case  must  penetrate  or  be  mixed  with  the  soils  instead 
of  simply  forming  a  mat  on  the  surface. 

Treating  the  subgrade  soil  with  granular  materials, 
lime,  etc.,  has  not  received  much  favor.  The  results 
furnished  by  such  treatments  have  not  been  positive 
(15)  and  difficulty  has  been  experienced  when  attempts 
were  made  to  mix  these  materials  with  the  soils  (8). 

Beneficial  results  may  not  have  been  indicated  for 
several  reasons.  The  granular  materials  may  have 
been  mixed  with  soils  which  afford  poor  binding  prop- 
erties; other  admixtures  may  have  furnished  only  addi- 
tional cohesion  and  the  supporting  requirements  of  the 
soil  may  have  needed  also  internal  friction;  the  estimate 
of  the  efficiency  of  the  treatment  may  have  been  based 
upon  pavement  characteristics  not  "influenced  by  the 
intensity  of  subgrade  support;  or  the  treatment  may 
not  have  extended  to  a  depth  sufficient  to  be  beneficial. 

Applying  a  bituminous  material  which  penetrates  the 
soil  before  the  granular  material  is  placed  upon  it,  and 
permitting  traffic  action  to  mix  the  granular  material 
with  the  treated  soil  will,  imtil  more  efficient  means  are 
developed,  eliminate  the  mixing  diflficulty. 

The  benefits  furnished  by  permitting  traffic  action  to 
mix  the  granular  material  with  the  soil  are  indicated 
by  the  Ohio  experiences  referred  to  previously  and  also 
by  the  behavior  of  traffic-bound  roads  in  service  {27,  28). 
The  additional  benefit  furnished  by  applying  bitumi- 
nous materials  prior  to  placing  the  granular  material 
on  the  subgrade  is  demonstrated  by  experience  in 
other  States. 


For  instance,  F.  V.  Reagel  found  that  the  quantity 
of  gravel  necessary  to  produce  stable  road  surfaces  is 
considerably  less  when  laid  on  certain  Missouri  soils 
treated  previously  with  light  bituminous  oils  than 
when  laid  on  soils  not  so  treated. 

W.  F.  Purrington  has  observed  that  experimental 
sections  of  top  soil  (fine  sand)  roads  in  New  Hampshire, 
when  treated  with  bituminous  materials  before  applica- 
tion of  the  granular  material  have  exhibited  during  the 
winters,  stability  in  amount  far  exceeding  that  of  adjoin- 
ing sections  not  so  treated.  Similar  benefits  are  ob- 
tained in  Minnesota  by  treating  sand  subgrades  with 
refined  tar  before  applying  a  thin  layer  of  gravel. 

Subgrade  treatments  affect  uniformity  merely  to  the 
depth  to  which  treatment  reaches.  Any  lack  of  uni- 
formity which  may  exist  below  that  level  remains  un- 
altered. In  a  similar  way,  mixing  the  subgrade  soils 
for  a  depth  of  12  inches  will,  according  to  suggestion 
{15),  reduce  the  undesirable  properties  in  the  portion 
so  treated  but  will  not  overcome  the  effects  of  shrinkage 
which  occur  in  the  soil  beneath. 

Mechanical  manipnlation. — The  simplest  subgrade 
treatment  consists  in  mechanical  manipulation  without 
the  addition  of  other  material.  The  purpose  of  mechan- 
ical manipulation  consists  either  in  increasing  the  den- 
sity of  the  subgrade  or  in  producing  greater  uniformity. 

Increase  in  density  may  successfully  be  achieved  by 
the  action  of  traffic.  This  is  apt  to  consolidate  and 
increase  the  density  of  the  Group  A-4  and  A-6  sub- 
grades.  Consolidation  of  the  Group  A-5  subgrades 
under  traffic  can  be  obtained  only  in  combination  with 
admixtures.  If  applied  to  Group  A-7  subgrades,  manip- 
ulation tends  to  make  the  top  layer  more  uniform,  thus 
inducing  more  imiform  expansion.  However,  if  applied 
for  the  purpose  of  compensating  for  lack  of  uniformity 
manipulation  would  be  helpful  only  if  this  lack  were 
confined  to  a  shallow  layer  of  top  soil. 

Artificial  manipidation  for  increasing  the  uniformity 
may  consist  only  of  ploughing,  harrowing,  and  rolling 
the  surface  of  the  sugbrade,  as  is  done  in  ordinary  prac- 
tice; or  it  may  consist  of  harrowing,  rolling,  and  wetting 
the  soil  in  thin  layers  as  was  done  imder  one  of  the  sec- 
tions of  the  Pittsburg  test  road  {29). 

BASE   COURSES   AND   LOAD   DISTRIBUTORS   DISCUSSED 

Under  this  heading  porous  base  courses,  compacted 
base  courses,  "beam"  strength  in  pavements  and  thick- 
ness in  concrete  pavements  are  discussed. 

Porous  base  courses  consist  of  cohesionless  materials, 
such  as  crushed  stone,  slag,  or  gravel  without  binder. 
If  applied  on  very  fine-grained  subgrades  they  are  sup- 
posed to: 

1.  Afford  means  for  draining  the  subgrade. 

2.  Reduce  the  extent  of  detrimental  frost  heaving. 

3.  Replace  an  ec^ual  thickness  of  undesirable  soil. 
These   alleged   advantages   are   combined   with   dis- 
advantages as  follows: 

1.  They  offer  considerable  resistance  to  the  transpor- 
tation of  construction  materials. 

2.  They  may  offer  but  little  resistance  to  the  pene- 
tration of  the  soft  underlying  clays  into  the  interstices 
between  their  particles  and  consequently  may  be  sub- 
ject to  local  settlement  and  uneveness. 

3.  They  furnish  high  void  volume  in  which  moisture 
may  condense  and  accumulate  when  drainage  outlets 
do  not  function. 

4.  They  may  replace'an  equal  thickness  of  bad  mate- 
rial but  temporarily. 
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On  the  other  hand  when  resting  directly  upon  rock 
which  furnishes  free  water  through  a  number  of  crevices, 
porous  base  courses  fiu-nish  an  essential  part  of  the 
drainage  system  and  they  shoidd  be  used,  therefore, 
unless  it  is  convenient  to  lead  the  water  furnished  by 
the  individual  veins,  away  through  separate  drains. 

The  question  of  the  drainage  benefits  to  be  derived  by 
placing  porous  base  courses  on  water-bearing  subgrades 
is  still  in  a  controversial  state  and  can  only  be  answered 
by  future  experimental  investigations. 

When  the  thickness  of  tlie  base  course  equals  the 
depth  to  which  freezing  occurs,  substitution  of  i)orous 
material  for  natiu'al  soil  will  undoid^tedly  eliminate 
the  efl'ects  of  detrimental  heaving  due  to  frost.  There 
is,  however,  no  conclusive  evidence  that  porous  base 
courses  having  thickness  considerably  less  than  this  are 
beneficial  for  reducing  the  extent  of  frost  heave  and 
only  fiiture  investigation  can  demonstrate  if  they  cause 
the  heave  to  be  more  uniform  than  that  which  occurs 
in  the  natural  soil. 

By  replacing  undersirable  soil,  porous  base  coiu'ses 
serve  merely  to  eliminate  the  softness,  lack  of  uniform- 
ity, etc.,  within  the  zone  which  they  replace.  Therefore 
they  are  ineffective  for  eliminating  cracking  in  concrete 
pavements  caused  by  fre([uent  change  in  scnl  character, 
or  excessive  volume  change  of  soil  occurring  in  zones 
below  this  depth.  Their  efficiency  for  reducing  the 
extent  of  longitudinal  cracking  loses  significance  as  a 
benefit  in  pavements  containing  a  center  joint  or  groove. 

As  mere  substit\ites  for  undesirable  soil,  especially 
when  the  lack  of  uniformity  is  due  to  unef[ual  volume 
change,  compacted  base  courses  (descril)ed  below) 
shoidd  prove  more  beneficial  than  poroiis  base  courses. 
The  low  permeability  of  compacted  base  courses  prevent 
the  penetration  of  water  into  and  the  evaporation 
of  water  from  the  svd)grade  to  a  greater  extent  than  the 
porous  base  courses. 

Porous  subbases  should  always  be  separated  from  the 
Group  A-4  to  A-7  subgrades,  inclusive,  by  proper 
subgrade  surface  treatments  and  should  be  adequately 
provided  with  drainage  outlets. 

USE    OF    COMPACTED    BASE    COURSE   FOR   LOAD    DISTRIBUTION 
DEPENDS   ON   SUBGRADE   SUPPORT 

Compacted  base  courses  consist  of  well-graded  soils 
or  other  materials  which  possess  cohesion  and  internal 
friction  in  amoimts  sufficient  after  compaction,  to  fur- 
nish high  stability.  Thus  they  include  also  constructed 
macadam,  slag,  or  gravel  courses. 

Compacted  base  courses  serve  primarily  as  founda- 
tions for  flexible  road  surfaces  although  as  pointed  out 
above  they  may  serve  also  to  increase  the  uniformity  of 
support  under  rigid  pavements. 

They  differ  from  porous  sid^bases  in  that: 

1.  They  do  not  fm-nish  a  means  for  draining  water 
from  under  the  pavement. 

2.  They  provide  an  excellent  riding  surface  for  the 
transportation  of  construction  materials. 

3.  They  resist  the  penetration  of  soft  clay  from 
beneath. 

4.  They  furnish  a  minimum  amount  of  void  space  in 
which  moisture  may  condense  and  accumulate. 

Whether  it  is  practicable  to  use  macadam  or  other 
nonrigid  base  courses  for  load  distribution  depends  en- 
tirely upon  the  subgrade  support.  The  lower  this  sup- 
port the  greater  must  be  the  areas  over  which  the  wheel 
loads  must  be  distributed.  And  according  to  previous 
discussion  the  load  distribution  furnished  by  nonrigid 
surfaces  is  small  as  compared  with  that  furnished  by 


rigid  types.  Thcn>fore,  it  may  not  be  practicable  to 
supply  the  thickn(>ss  of  nonrigid  foundations  necessary 
to  furnish  the  loud  distribution  re(juired  on  subgrades 
offering  very  low  siii)|)ort.  Furthermore,  elastic  sub- 
grade  reaction  may  interfere  with  t!ic  proper  construc- 
tion of  compacted  foundations  like  macadams. 

On  Group  A-1  subgrades,  because  of  their  high  sta- 
bility, only  a  wearing  course  to  prevent  abrasion  need 
be  constructed.  Tlu>refore  on  highly  stable  bases, 
compacted  base  courses  are  not  needed. 

Pavements  laid  on  untreated  subgrades  of  (ironp  A  2 
and  stdl  more  on  those  of  Group  A-3,  in  addition  to 
merely  resisting  wear,  must  furnish  also  the  weight 
necessary  to  ])rcvent  lateral  flow  in  the  subgrade. 
Moderately  thick  (less  than  10  inches)  layers  of  com- 
pacted materia!  may  furnish  the  weiglit  rctpiirod  foi- 
this  ])iu'pose. 

Thick,  compacted  foundations,  when  laid  on  well 
drained  Group  A-4  subgrades  and  still  thicker  ones, 
when  laid  on  the  heavy  plastic  clays  of  Group  A-6,  also 
may  render  satisfactory  service.  Treating  these  sub- 
grades  with  admixtures  and  maintaining  them  undei- 
traffic  action  for  a  period  of  time  will  ])ermit  a  reduction 
in  the  thickness  of  foundation  otherwise  ref|ui]-ed. 
When  this  is  not  practical  these  subgrades  should  he 
surface  treated  before  the  foundation  is  constructed. 
Compacted  foundations  should  not  be  constructed  on 
soft  Group  A-6,  poorly  drained  Group  A-3,  A-4  nor 
on  Group  A-5  or  A-7  subgrades  until  they  have  been 
stabilized  by  stage  construction. 

Mere  thickness  in  compacted  subbases,  is  not  in- 
surance against  failure  due  to  penetration  of  the  under- 
lying clays.  Heavy  telford  bases,  say  20  inches  thick, 
according  to  experience,  may  under  these  conditions, 
prove  to  be  no  more  efficient  than  light  ones. 

Depending  upon  the  depth  to  which  the  clay  be- 
comes liquid,  large  stones  may  be  swallowed  up  as 
quickly  as  smaller  ones.  Preventing  the  clay  from  be- 
coming soft  is  the  i)roper  remedial  measure  in  this  case. 
Therefore  a  simple  subgrade  surface  treatment  may  be 
much  more  eftective  than  appreciable  increase  in  thick- 
ness, for  increasing  the  service  value  of  nonrigid  pave- 
ments laid  on  clay  subgrades. 

The  possibilities  of  using  bituminous  binders  bene- 
ficially in  base  coiu'ses  should  not  be  overlooked. 
Failure  of  macadam  pavements  is  caused  by  rupture  of 
the  bond  existing  between  the  individual  stones  and  th(> 
occurrence  of  this  condition,  according  to  theory,  is 
permitted  in  part  only  by  the  low  cohesion  furnished 
by  the  mineral  binder.  The  preventive  measure  there- 
fore should  consist  of  increasing  the  cohesion  of  the 
binder.  Instead  of  this,  a  considerable  increase  in 
pavement  thickness  is  generally  used  to  compensate  for 
this  deficiency  in  cohesion.  The  fact  that  bituminous 
pavements  may  resist  repeated  vertical  delleclions 
without  distress  and  that  water-bound  nuicadam  pave- 
ments may  be  damaged  seriously  by  conq)aralively 
small  deflections  suggests  the  desirability  of  performing 
experiments  to  determine  the  efficiency  of  bituminous 
binders,  when  used  in  base  courses,  supported  by  the 
elastic  subgi'ades  of  Groups  A-5  and  A-7. 


■BEAM 


STKENCTH   E.SSENTIAL  IN  PAVEMENTS  LAID  ON  CERTAIN 
SOIL  TYPES 


Pavements  having  high  beam  strength  afford  wide 
load  distribution  and,  therefore,  permit  but  a  small 
intensity  of  pressure  to  be  exerted  on  the  underlying 
soil.     Thus  only  a  small  weight  is  required  to  j)revent 
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lateral  flow.  In  addition  to  this,  "beam"  strength 
permits  the  weight  furnished  by  a  large  area  of  pave- 
ment to  be  utilized  for  confining  the  subgrade  soil. 
Contrasted  with  this,  a  pavement  having  but  little 
"beam"  strength  permits  the  load  to  exert  a  rela- 
tively high  intensity  of  pressure  on  the  subgrade,  and 
thus  requires  a  heavy  weight  to  prevent  lateral  flow 
of  the  soil,  and  in  this  case  the  weight  must  all  be 
furnished  by  a  small  area  of  pavement.  Thus,  to 
accommodate  wheel  loads  of  equal  weight,  pavements 
without  "beam"  strength,  when  laid  upon  soil  offering 
low  support,  must  be  considerably  heavier  (or  thicker) 
than  pavements  which  have  "beam"  strength. 

"Beam"  strength  is  not  essential  in  pavements 
laid  on  subgrades  of  Groups  A-1,  A-2,  and  A-3.  It 
is  desirable  in  pavements  laid  on  Group  A-6  and  is 
essential  in  pavements  laid  on  untreated  Groups  A-5 
and  A-7,  and  poorly  drained  A-3  and  A-4  subgrades. 

Thickness  in  rigid  pavements. — Increasing  the  thick- 
ness of  rigid  pavements  increases  the  factor  of  safety 
against  the  occurrence  of  "breakage,"  but  not  appre- 
ciably against  the  occurrence  of  primary  and  secondary 
traverse  cracking. 

The  figures  in  Talkie  2  show  the  very  important  in- 
fluence of  slab  thickness  on  the  resistance  to  "breakage. 

The  results  furnished  by  inspection  of  a  consider- 
able number  of  concrete  roads  indicate  that  the  aver- 
age spacing  of  transverse  cracks  in  slabs  of  appreciable 
age  and  6  inches  thick  is  about  18  feet  and  in  slabs  10 
inches  thick  (center)  it  is  about  25  feet.  (7)  This 
indicates  the  small  influence  of  slab  thickness  on  the 
occurrence  of  primary  transverse  cracks. 

In  the  Bates  Road  tests,  the  wheel  load  (G,500 
pounds)  which  caused  transverse  cracks  to  occur  in 
slabs  6  inches  thick  and  25  feet  long  (with  center 
joint)  caused  them  to  occur  also  in  slabs  of  the  same 
length,  and  7,  8,  and  9  inches  thick  (7).  This  shows 
the  small  influence  which  slab  thickness  exerts  upon 
the  occurrence  of  secondary  transverse  cracks. 

A  theoretical  analysis  by  Dr.  H.  M.  Westergaard 
(to  be  published  in  the  June  issue  of  Public  Roads) 
of  the  occurrence  of  cracking  in  concrete  slabs  serves  to 
explain  these  results  furnished  by  surveys  of  roads  in 
service  and  by  comprehensive  tests.  According  to 
this  analysis,  a  slab,  supported  by  a  uniform  elastic 
subgrade,  when  cracked  by  a  wheel  load  will  continue 
to  crack  until  the  resultant  pieces  are  not  longer  than 
about  5  feet.  Increasing  the  slab  thickness  of  these 
pieces  increases  the  resistance  of  slabs  to  the  occurrence 
of  this  type  of  cracking  ("breakage"). 

Also,  according  to  this  analysis,  cracking  in  rigid 
slabs  caused  when  they  attempt  to  adjust  themselves 
to  variations  in  subgrade  support  in  contrast  to  the 
foregoing,  divides  the  slab  into  lengths  dependent  upon 
the  supporting  conditions.  Furthermore,  increasing 
the  thickness  of  long  slabs  in  this  case,  increases 
instead  of  diminishes  the  tendency  to  crack  (primary 
and  secondary  transverse  cracking).  Depending  upon 
the  assumed  conditions  the  minimum  length  of  long 
slabs,  according  to  tlie  analysis  referred  to,  varies 
between  10  and  IS  feet. 

The  excellent  condition,  after  years  of  service,  of  the 
concrete  pavements,  4}/^  and  5  inches  thick,  which  rested 
upon  California  sands;  the  absence  of  cracking  after  12 
years  of  service  in  that  portion  of  the  Gansevoort-South 
Glens  Falls  (N.Y.)  road,  which  rests  upon  sand  and  is 
A%  inches  thick  at  the  edges  and  6^  inches  thick  in 
the  center;  the  good  condition  after  12  years  of  service, 


of  the  Du  Pont  Road,  Delaware,  which  rests  upon 
gravel  subgrade  and  is  5  inches  thick  at  the  edg( 
and  7  inches  thick  in  the  center;  and  the  exceller 
service  rendered  by  pavements  laid  on  concrete  bast 
4  inches  thick,  which  rest  on  sand  in  the  vicinity  c 
Cleveland,  Ohio,  mdicate  that  relatively  thin  concret 
pavements,  say  for  instance  7  inches  thick  at  the  edge 
and  5  inches  thick  in  the  center,  may  furnish  adequat 
load  capacity  when  laid  on  the  Group  A-2  and  Groui 
A-3  subgrades. 

Slabs  less  than  6  inches  thick  in  the  center  and  8  o 
9  inches  thick  at  the  edges  should  not  be  laid  on  an; 
of  the  sul)grades  except  Groups  A-1  to  A-3.  Further 
more,  when  laid  on  wet  subgrades  and  when  no 
reinforced,  slabs  should  be  at  least  1  inch  thicker  thai 
when  laid  on  similar  subgrades  well  drained. 

NEED  FOR  DIVIDING  PAVEMENTS  IN  SMALL  SLABS  INCREASES 
AS  UNIFORMITY   OF  SUBGRADE  DECREASES 

The  use  of  grooves  and  joints  {30,  31)  permits  thu 
direction  and  location  of  cracks  to  be  controlled!} 
This  prevents  cracks  from  meeting  joints  or  side  edges  o:\ 
pavement  at  acute  angles  and  from  forming  exception-! 
ally  short  slabs,  which  conditions  facilitate  the  ultimate^ 
destruction  of  the  pavement.  Figure  25,  C  illustrates- 
an  uncontrolled  longitudinal  crack.  In  Figure  25,  A; 
it  may  be  noted,  the  corner  is  broken  down  where  the- 
irregular  transverse  crack  intersects  the  side  edge  ol 
the  iDavement  at  an  actue  angle.  In  the  foreground,! 
however,  where  the  transverse  crack  intersects  the 
side  edge  at  a  right  angle,  the  corner  cracks  have  not 
occurred. 

A  secondary  crack,  when  uncontrolled,  may  divide  a 
primary  road  slab  18  feet  long  into  two  slabs  having 
unequal  lengths,  say,  5  and  13  feet,  respectively.  A 
secondary  transverse  crack,  when  controlled,  however, 
will  divide  the  primary  slab  of  the  same  length  (in  an 
18-foot  roadway  containing  center  joint  or  groove) 
into  two  uniform  slabs  9  feet  square. 

Except  for  several  pavements  which  are  comprised 
of  precast  blocks,  slabs  9  feet  square  are  smaller  in 
area  than  the  minimum  sizes  now  used  in  pavements. 
To  call  a  road  which  has  cracked  into  slabs  of  this  size 
a  structural  failure,  however,  is  more  the  result  of 
custom  than  of  fact.  The  oft-mentioned  concrete 
pavement  which  has  rendered  service  in  Bellefontaine, 
Ohio,  for  about  30  years,  it  will  be  remembered,  is 
composed  of  slabs  about  5  feet  square. 

According  to  the  suggestion  that  the  combined  length 
of  transverse  and  longitudinal  cracks  is  related  to  slab 
area  (7),  the  installation  of  a  center  joint  or  groove 
should  reduce  the  extent  of  transverse  cracking  which 
would  otherwise  occur  in  a  full-width  slab.  Results 
furnished  by  pavement  surveys  now  in  progress,  in- 
dicate that  this  is  true. 

The  necessity  for  dividing  concrete  pavements  by 
means  of  grooves  or  joints  into  smaller  slabs  becomes 
the  more  urgent,  as  the  uniformity  of  the  support  is 
decreased. 

On  A-1  to  A-3  subgrades,  longitudinal  crack  control 
is  not  essential  but  it  helps  to  improve  the  pavement 
appearance.  Examination  of  concrete  roads  resting 
upon  sand  subgrades  in  Minnesota  indicates  that  even 
in  the  presence  of  frost  action  appreciable  transverse 
cracking  does  not  occur  in  slabs  when  they  are  no 
more  than  40  feet  long.  How  much  longer  than  this 
slabs  could  be  made  and  still  afford  complete  control 
of  transverse  cracking  is  not  known. 
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On  A-4  to  A~7  subgrade  transverse  expansion  joints 
placed  at  intervals  of  60  feet,  with  1,  2  or  3  transverse 
grooves,  depending  on  conditions  of  subgrade  support, 
placed  between  them  will  probably  permit  the  complete 
control  of  transverse  cracking  which  occurs  to  an  extent 
equal  to  that  illustrated  in  Figure  12,  A. 

Transverse  contraction  joints  consisting  of  thin 
metal  strips  extending  from  the  bottom  of  the  pave- 
ment to  within  about  one-half  of  an  inch  of  the  top,  with 
or  without  dowels  oiled  and  capped,  may  be  used  instead 
of  grooves  when  transverse  expansion  joints  are  spaced 
far  apart  or  when  they  are  omitted  entirely.  The  iise 
of  contraction  joints  instead  of  grooves  increases  the 


percentage  of  cross  sectional  slab  area  which  receives 
the  com])ressive  sti'osses  caused  by  cxj)ansion  of  the 
concrete.  On  B-1  to  ]i-3  subgradcs  (lacking  uniform- 
ity) grooves  or  joints  arc  urgently  recommended. 
Figure  2()  ilhistrates  a  pavement  subdivided  by  means 
of  grooves  and  joints. 

STEKI.    HKINFOIU  lOMIONT    KKCOMM  KNDKl)    I'OK    CKIM'AIN 
CONDITIONS 

According  to  ])ublished  information,  steel  reinforce- 
ment when  inc()ij)orated  in  concrete  slabs  is  effective 
for: 

1.  Fui'nishing  resistance  against  the  occurrence  of 
"breakage"  in  slabs  laid  on  wet  subgradcs. 


Figure  25.— A,  Corner  Cracks  Occurred  Only  Where  Irhkcjulak  Transverse  Crack 
Intersects  the  Side  Edge  of  the  Pavement  at  an  Acute  Angle;  B,  National  Park 
Highway  in  Which  Grooves  and  Joints  are  Used  to  Control  Longitudinal  and 
Transverse  Cracking;  C,  Longitudinal  Crack  in  Full  Width  Slab 
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subgrade  requirements,  in  the  design  of  pavements 
which  will  transport,  at  the  least  cost,  wheel  loads  of 
specified  intensity. 


Figure  26. — Concrete  Road  20  Feet  Wide  Divided  by 
Means  of  Grooves  and  Joints  into  Sections  10  Feet 
BY  20  Feet 

2.  Confining  cracks  to  microscopic  dimensions  and 
reducing  the  extent  of  visible  longitudinal  primary 
transverse,  and  secondary  transverse  cracks. 

3.  Preventing  separation  in  visibly  cracked  slabs 
and  thereby  preventing  faulting  of  slabs,  reducing  the 
extent  of  ravelling  along  cracks,  increasing  the  smooth- 
ness of  the  riding  surface,  reducing  the  magnitude  of 
impacts  produced  by  traffic  and  increasing  the  factor 
of  safety  against  "breakage"  of  the  pavement. 

The  pavement  shown  in  Figure  23  from  beneath 
which  water  is  escaping,  illustrates  the  beneficial 
action  of  steel  reinforcement  in  confining  cracks  to 
small  dimensions.  This  pavement  contams  a  center 
joint  and  transverse  joints  spaced  50  feet  apart,  is  laid 
on  a  compacted  sand  and  gravel  subbase  8  inches  thick 
and  is  reinforced.  When  it  had  been  forced  upward 
in  amounts  varying  from  2  to  7  inches,  by  frost  heave 
during  the  past  winter,  fine  cracks  could  be  seen  in 
several  of  the  slabs.  However,  after  the  pavement 
had  settled  to  its  original  position,  but  few  of  these 
cracks  were  visible.  Those  which  were  visible  were 
very  fine  and  did  not  require  maintenance. 

Steel  reinforcement  is  recommended  for  use  in  pave- 
ments laid  on  wet  subgrades  of  any  type.  Group  A-4 
subgrades  subjected  to  frost  heave,  all  Group  A-5 
subgrades,  poor  Group  A-6  subgrades,  all  Group  A-7 
subgrades  and  on  all  subgrades  in  which  there  exists 
a  very  conspicuous  lack  of  uniformity  in  support 
(Groups  B-1,  B-2,  and  B-3). 

SUBGRADE    DATA    FURNISHES    ONLY    RATIONAL    BASIS    FOR    PAVE- 
MENT   DESIGN 

According  to  the  preceding  discussion,  the  selection 
of  type  and  the  design  of  pavements  are  not  arbitrary 
matters.  Each  and  every  particular  pavement  vari- 
able— stability,  "beam"  strength,  pavement  thickness, 
steel  remforcement,  grooves  and  joints,  shoulders,  sub- 
bases,  subgrade  treatments,  subgrade  preparation  and 
artificial  drainage  has  a  particular  function  to  perform 
with  regard  to  the  conditions  of  support  furnished  by 
the  subgrade.  Therefore,  subgrade  data  furnish  the 
only  possible  basis  for  rational  pavement  design.  The 
purpose  of  subgrade  information  is  not  merely  to  per- 
mit the  design  of  pavements  having  a  given  load 
capacity.  Instead,  its  vast  economic  value  lies  in  the 
fact  that  subgrade  information  furnishes  a  basis  for 
utilizing  the  different  pavement  variables,  with  respect 
both  to  their  individual  functions  and  the  particular 


APPLICATION     OF     PRECAUTIONARY     MEASURES     TO 
TYPES    OF   SUBGRADES    REVIEWED 


DIFFERENT 


The  application  of  the  precautionary  measures  to 
the  different  tyi^es  of  subgrades  can  be  briefly  reviewed 
in  the  following  manner: 

UNIFORM    SUBGRADES 

Group  A-1. — Wearing  course  sufficient.  Drainage 
to  prevent  frost  heave  when  ground-water  level  is  high. 

Group  A-'2. — Surface  treatment  by  oiling  to  prevent 
softening  of  binder  from  above.  Drainage  to  prevent 
frost  heave  and  softenmg  of  binder  from  below.  Load 
distribution  through  moderately  thick  nonrigid  or 
tliin  rigid  courses. 

Group  A-3. — Coarse  materials.  Subgrade  treatment 
by  admixture  of  binder  or  light  tars  and  substantial 
wearing  course.  Otherwise  moderately  thick  non- 
rigid  or  thin  rigid  courses.     Drainage  not  required. 

Group  A-Jf. — Silts.  When  naturally  drained  or 
when  artificial  drainage  is  possible :  Thick  macadam  or 
concrete  pavement  of  medium  thickness  (not  less  than 
8-6-8).  Subgrade  treatment  by  admixture  of  coarse 
constituents  permits  reducing  thickness  of  macadam. 
Oiling  combined  with  subgrade  treatment  may  further 
improve  the  quality. 

When  there  is  a  high  ground-water  level,  and  drainage 
is  not  possible:  Macadam  unsuitable.  Thick  concrete 
pavement  (not  less  than  9-7-9),  crack  control  and  re- 
inforcement. Oiling  not  promising  because  water 
comes  from  below.  Subbase  may  be  beneficial  for 
reducing  frost  effect. 

Group  A-6. — Same  as  for  group  A-4,  wet.  Condition 
still  more  unfavorable. 

Group  A-G. — Distinguished  by  the  state  of  the  soil, 
whether  impermeable  (homogeneous)  or  permeable  (full 
of  cracks  and  root  holes). 

Homogeneous  state. — Ample  load  distribution  by 
thick  macadam  or  rigid  pavement.  Degree  of  required 
load  distribution  depends  on  degree  of  softness.  Sur- 
face treatment  (oiling  or  screenings  or  both)  prevents 
material  from  working  into  nonrigid  base  course. 
Crack  control  for  reducing  effect  of  unequal  shrinkage. 

Permeable  state,  drainage  feasible. — Macadam  or  rigid 
type.  Subgrade  treatment  by  mechanical  manipula- 
tion under  traffic  increases  stability. 

Permeable  state,  drainage  not  feasible. — Very  strong 
macadam  or  rigid  type  with  crack  control.  Reinforce- 
ment desirable.  Subgrade  treatment  by  admixture  of 
coarse  material  on  subbase  for  reducing  frost  heave. 

In  fills. — Mechanical  manipulation  by  traffic  very 
beneficial.  Also  subgrade  treatment  by  admixture  of 
coarse  constituents.  Place  the  fill  in  dry  season. 
Springs  entering  the  base  from  below  should  be  piped 
away.  Treatment  by  oiling  may  reduce  danger  of 
saturation  from  above. 

Group  A~7 . — Surface  treatment  by  mechanical  ma- 
nipulation for  preventing  unequal  expansion  and  by 
application  of  tar  paper  for  preventing  expansion 
beneath  fresh  concrete.  Otherwise  treat  them  like  the 
soft,  homogeneous  Group  A-6  subgrades. 

Group  A-8. — Fill  on  top  of  soft  ground,  according  to 
Michigan  and  Minnesota  practice.  Pavement  reciuires 
"beam"  strength,  ample  crack  control,  and  reinforce- 
ment. 
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NONUNIFORM    SUBGRADES 

Group  B-l . — If  nonuniform  layer  is  shallow,  mechan- 
ical manipulation  for  increasing  uniformity.  If  dee]) 
and  very  nonuniform,  rigid  pavement  with  crack  con- 
trol and  reinforcement.     Suhbase  may  be  beneficial. 

Group  7?-^.— Nonuniform  fills  should  be  avoided  if 
possible.  If  not  feasible,  subgrade  treatment  by  me- 
chanical manipulation,  great  "beam"  strength,  crack 
control,  and  reinforcement. 

Group  B  3. — Great  "beam"  strength,  crack  control, 
and  reinforcement  at  boundary  between  cut  and  natural 
ground  surface.  Fills  should  be  compacted  as  much 
as  possible  before  placing  the  pavement.  At  least 
longitudinal  crack  control.  Careful  piping  away  of  any 
springs  or  water  veins  which  might  enter  the  fill  through 
the  base. 

CONCLUSIONS    PRESENTED 

Among  the  facts  on  which  the  preceding  discussions 
were  based  the  following  deserve  to  be  emphasized : 

SUBGRADE    SUPPORT 

1.  The  support  furnished  by  different  subgrade  soils 
varies  widely  with  regard  to  intensity  of  support  (high 
or  low),  character  of  support  (firm  or  elastic),  and 
uniformity  of  support  (constant  or  variable  intensity 
of  support),  and  thus  permits  a  differential  of  consid- 
erable amount  in  pavement  recpiirements. 

2.  The  character  of  support  afforded  by  subgrade 
soils  is  dependent  upon  soil  constituents  such  as  sand, 
clay,  silt,  mica,  and  diatoms,  and  upon  the  structure 
of  the  soil  and  the  field  conditions  under  which  it  exists. 

3.  The  intensity  of  support  in  uniform  subgrades 
depends  upon  the  cohesion  and  internal  friction  in  the 
soil,  the  area  of  load  distribution,  and  the  weight  of 
superimposed  pavement. 

4.  High  subgrade  support  recjuires  either  high  cohe- 
sion or  high  internal  friction,  preferably  both  com- 
bined. High  cohesion  is  characteristic  of  clays  with 
stift'  consistency;  high  internal  friction,  of  well  graded 
sands;  and  a  combination  of  both  mternal  friction  and 
cohesion  of  well-graded  sands  with  a  binder. 

5.  The  greater  the  internal  friction  the  more  will  the 
support  of  the  subgrade  be  improved  by  distributing 
the  load  over  a  larger  area  or  by  increasing  the  dead 
weight  of  the  pavement. 

6.  Increasing  the  intensity  of  subgrade  support  per- 
mits a  reduction  in  the  thickness  of  nonrigid  founda- 
tions and  increases  the  factor  of  safety  against  "break- 
age" but  not  necessarily  against  longitudinal  and  trans- 
verse cracking  in  rigid  pavements. 

7.  Eliminating  the  elastic  rebound  in  subgrades  per- 
mits the  construction  of  nonrigid  pavement  types  other- 
wise not  suitable. 

8.  Increasing  the  uniformity  of  subgrade  support 
reduces  the  extent  of  transverse  and  longitudinal 
cracking  in  rigid  pavements  and  may  provide  against 
failure  in  nonrigid  types. 

DRAINAGE 

9.  Side  ditches  or  deep  trenches  may  intercept  water 
furnished  by  porous  strata  and  may  serve  to  lower  the 
ground-water  level.  Thus  they  may  be  effective  for 
preventing  failure  in  side-hill  fills,  for  increasing  the 
subgrade  support,  and  for  reducing  the  extent  of  frost 
heave. 

10.  Tile  laid  in  trenches  filled  with  porous  material 
and  placed  under  the  edges  of  pavements  serve  to 
intercept  water  entering  from  the  sides  and  to  prevent 


the  accumulation  on  top  of  the  subgrade.  Thus,  they 
inay  serve  the  snnie  purposes  as  deep  sid(^  trenches  aiul, 
in  addition,  reduce  the  extent  of  softening  of  th(>  sub- 
grade  due  to  saturation  from  the  toj).  Also  they 
provide  against-  the  separation  of  cracked  rigid  slabs, 
due  to  successive  freezing  of  water  trai)])ed  by  imper- 
vious shouldeis. 

Sl'Hi;li  ADl.;    SURFACE    TREATMENTS 

11.  Subgrade  surface  treatments  consisting  of  oiling 
and  blanket  courses  serve  to  prevent  the  infiltration  of 
soft  subgrades  into  superim])ose(l  pavem(>nts  and  thus 
they  may  very  ap])recial)ly  increase  the  service  value 
of  nonrigid  ])avenieii(s  laid  on  fine  silt  or  chiy  subgrades. 

S  r  li< ;  K  A  I)B    TREATMENTS 

12.  Subgrade  treatments  serve  primarily  to  increase 
the  intensity  of  subgrade  support,  although,  depending 
upon  conditions,  they  may  also  increase  the  uniformity 
of  subgrade  su])i)ort.  Thus,  they  are  l)eneficial  pri- 
marily only  with  res])ect  to  the  construction  of  non- 
rigid  pavements. 

13.  Intensity  of  subgrade  support  is  increased  l)y 
adding  cohesive  materials  to  sands,  granular  materials 
to  clays,  and  both  cohesive  and  granular  materials  to 
silts.  Adding  moisture  capacity  reducers  to  retain 
high  cohesion,  and  granular  materials  to  supply  internal 
friction,  to  clays  may  increase  the  benefits  furnished 
by  the  addition  of  graimlar  materials  alone. 

14.  Subgrade  treatments  should  be  planned  on  the 
basis  of  the  information  furnished  by  laboratory  tests 
concerning  the  soil  pi'operties. 

BASE    COURSES 

15.  Compacted  base  courses  serve  primarily  to 
furnish  load  distribution  in  nonrigid  pavements. 

16.  Except  when  porous  base  courses  extend  from 
the  bottom  of  the  pavement  to  the  top  of  a  rock  sub- 
grade,  compacted  base  courses  may  be  the  nu)re 
efficient. 

17.  The  penetration  of  the  underlying  clay  into  the 
voids  of  porous  base  courses  may  furnish  conditions  of 
support  which,  due  to  their  lack  of  uniformity,  may  be 
extremely  undesirable. 

18.  Base  courses  may  reduce  the  extent  of  longi- 
tudinal cracking  which  would  otherwise  occur  in  rigid 
pavements.  This  ceases  to  be  a  benefit  in  pavements 
which  contain  a  center  joint  or  groove. 

19.  Except  when  lack  of  uniformity  in  subgrade 
support  is  caused  by  conditions  which  exist  in  close 
proximity  to  the  pavement,  the  efficiency  of  base 
courses  for  decreasing  the  extent  of  primary  and 
secondary  transverse  cracking  in  rigid  pavements  is 
cjuestionable. 

PAVEMENT    DESIGN 

20.  "Beam"  strength  is  desirable  in  |)avements  laid 
on  soils  whose  low  support  is  due  to  a  lack  of  internal 
friction. 

21.  "Beam  "  str(>ngtii  is  not  a  necessity  in  pavements 
laid  on  soils  whose  low  support  is  due  to  the  absence  of 
cohesion. 

22.  "Beam"  strength  is  not  an  essential  re(|uii-enient 
for  wearing  courses  on  (iroup  A-1  subgrades. 

23.  Increasing  the  thickness  of  rigid  pavement 
furnishes  an  increase  in  the  factor  of  safely  against 
the  occurrence  of  "breakage"  but  not  to  an  appreciable 
extent  against  the  occurrence  of  primary  and  secondary 
transverse  crackhig  due  to  lack  of  unifornuly  in  support. 
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24.  Crack  control  and  steel  reinforcement  serve  to 
eliminate  the  undesirable  effects  caused  by  such  crack- 
ing as  can  not  be  prevented  in  rigid  pavements.  Their 
use  permits  a  predetermination  of  the  ultimate  size 
of  slabs,  free  from  additional  visible  cracks,  and  also 
prevents  faulting  and  separation  of  the  slabs. 

25.  A  subgrade  survey  record,  to  be  of  practical  use 
in  the  design  of  highways,  should  consist  of  a  map 
showing  the  ground-water  level  and  the  soil  profile 
together  with  a  description  of  the  physical  properties 
(both  laboratory  and  field)  of  the  various  soils  which 
comprise  the  profile. 

SUMMARY 

26.  Each  part  of  the  pavement  has  a  particular  pur- 
pose to  fulfill.  If  it  is  necessary  to  have  three  parts — 
subgrade  treatment,  base  course,  and  wearing  surface — 
each  is  equally  important  and  failure  in  any  one  may 
mean  destruction  of  the  pavement.  Therefore,  selec- 
tion of  the  various  courses  should  be  made  with  regard 
to  the  duties  which  they  are  to  perform;  and  the  same 
diligence  and  precaution  should  be  exercised  in  the 
construction  of  the  lower  coiu-ses  as  in  the  top  or 
wearing  course. 
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A.  S.  T.  M.  SYMPOSIUM  ON  MINERAL  AGGREGATES 

The  American  Society  for  Testing  Materials  announces  as  a 
portion  of  the  program  of  the  annual  meeting  to  be  held  at 
Atlantic  City  June  25-28,  a  "Symposium  on  Mineral  Aggregates" 
which  should  be  of  considerable  interest  to  all  producers  and 
users  of  aggregates. 

Highway  engineers  will  be  particularly  interested  in  papers 
dealing  with  Methods  of  Inspection,  by  A.  S.  Rea,  chief,  bureau 
of  tests,  Ohio  State  Highway  Department;  Fine  Aggregates  in 
Concrete,  by  H.  F.  Gonnerman,  of  the  Portland  Cement  Associa- 
tion; Fine  Aggregates  in  Bituminous  Mixtures,  by  H.  W.  Skid- 
more,  Chicago  Paving  Laboratory;  Influence  of  Coarse  Aggre- 
gate upon  the  Strength  of  Concrete,  by  F.  C.  Lang,  engineer  of 
tests  and  inspections,  Minnesota  State  Highway  Department; 
Influence  of  Coarse  Aggregate  Upon  the  Durability  of  Concrete, 
by  F.  R.  McMillan,  of  the  Portland  Cement  Association;  Effect 
of  Aggregates  upon  the  Stability  of  Bituminous  Mixtures,  by 
Prevost  Hubbard,  of  the  Asphalt  Association;  and  Aggregates  in 
Low  Cost  Road  Types,  by  C.  N.  Conner,  of  the  American  Road 
Builders  Association. 

The  symposium  will  be  opened  by  a  paper  on  Organization 
Problems,  by  R.  W.  Crum,  director  of  the  highway  research 
board,  and  chairman  of  the  committee  in  charge  of  the  program, 
and  will  close  with  a  paper  on  Needed  Research  in  Aggregates, 
by  F.  H.  Jackson,  of  the  Bureau  of  Public  Roads. 
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MECHANICS  OF  PROGRESSIVE  CRACKING  IN 
CONCRETE  PAVEMENTS 

By  H.   M.    WESTERGAARD,   Professor  of  Theoretical  and    Applied   Mechanics,  University  of  Illinois 


WHEN  cracks  form  in  a  concrete  pavement, 
larger  slabs  of  the  pavement  are  divided  into 
smaller  ones.  The  fact  that  a  beam  is  strength- 
ened by  shortening  the  span,  suggests  that  the  smaller 
slabs  of  the  pavement  may  be  less  liable  to  overstress 
than  were  the  original  larger  ones;  that  is,  one  may 
expect  that  in  some  cases  the  stresses  will  be  relieved 
by  reduction  of  the  size  of  the  slabs.  The  stresses  to 
be  considered  are  due  to  wheel  loads,  changes  of  tem- 
perature, and  deformations  of  the  subgrade. 

In  general  one  does  not  expect  a  concrete  pavement 
to  remain  uncracked.  The  essential  structural  require- 
ment is  that  the  cracks,  or  the  cracks  and  joints,  shall 
not  divide  the  pavement  into  excessively  small  units. 
With  this  peculiar  structural  requirement  in  view,  one 
may  ask  the  following  questions: 

To  what  extent  are  the  stresses  relieved  when  the 
size  of  the  slabs  is  reduced  either  by  cracking  or  by 
introduction  of  joints  or  planes  of  weakness?  What  is 
the  influence  of  the  size  of  the  slabs  upon  their  strength? 
If  wheel  loads,  and  accompanying  impacts  large 
enough  to  cause  a  crack  in  an  unbroken  slab,  occur 
occasionally,  how  far  will  the  cracking  progress  in  the 
course  of  time,  and  what  is  the  size  of  the  pieces  into 
which  the  cracks  will  divide  the  pavement  ultimatelj^? 
In  the  light  of  the  influences  of  loads,  changes  of  tem- 
perature, and  settlements  or  other  distortions  of  the 
subgrade,  when  are  the  pieces  small  enough  to  be 
strong  enough? 

The  purpose  of  the  analysis  which  follows  is  to 
answer  these  questions. 

CTION  OF  A  BEAM  ON  UNIFORM   ELASTIC  SUBGRADE  LOADED  AT 
THE  MIDDLE  ANALYZED 

A  panel  of  pavement  acts  as  a  slab  and  not  as  a 
beam.  Yet,  one  may  form  an  idea  as  to  the  influence 
of  size  by  considering  a  concrete  beam  on  an  elastic 
subgrade,  loaded  at  the  middle,  as  shown  at  the  top  of 
Figure  1.  Let  it  be  assumed  that  the  reaction  of  the 
supporting  subgrade  at  each  point  is  proportional  to 
the  deflection  of  the  beam,  and  that  the  beam  acts  as 
if  it  were  homogeneous  and  elastic'  Then  it  becomes 
a  matter  of  routine  to  compute  the  deflections  and 
bending  moments  of  the  beam.^  By  the  derivations 
described  below  one  obtains  for  different  lengths  of 
the  beam  the  moment  diagrams  shown  in  Figure  1. 
The  dotted  curve  shows  the  relation  between  the 
length  of  the  beam  and  the  greatest  bending  moment. 

EQUATIONS   DERIVED   FOR   A   BEAM    ON    UNIFORM   SUBGRADE 

Let  a;  =  horizontal    coordinate    measured    from    the 
middle  of  the  beam; 
2  =  deflection; 

'  Coneerning  these  assumptions,  see  the  paper  by  the  writer,  Stresses  in  Concrete 
Pavements  Computed  ty  Theoretical  Analysis,  Public  Roads,  vol.  7,  No.  2,  April, 
1926  (or  Proceedings  of  the  Highway  Research  Board,  meeting  of  Dec.  3-4, 1925,  Pt.  I, 
p.  90). 

'  See,  for  example,  K.  Hayashi,  Theoric  des  TrSgers  auf  elastischer  Unterlage, 
Berlin,  1921,  or  H.  MUller-BresIau,  Die  graphische  Statik  der  Baukonstruktionen, 
vol.  2,  subvolume  2,  second  edition,  1925,  p.  195.  Examples  may  also  be  found  in 
the  paper  by  the  writer,  .Analysis  of  Stresses  m  Concrete  Roads  Caused  by  Variations 
of  Temperature,  Public  Roads,  vol.  8,  No. :!.  May,  1927  (or  Proceedings  of  the  High- 
way Research  Board,  meeting  of  Dec.  2-3,  1920,  p.  201). 
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a  and  /i  =  dimensions  as  shown  in  Figure  1; 

£"=  modulus  of  elasticity  of  the  concrete; 
i'  =  modulus  of  subgrade  reaction — that  is,  reac- 
tion of  the  subgrade  in  pounds  per  square 
inch  per  inch  of  deflection; 
2?  =  load  at  the  middle  of  the  beam  per  unit  of 
width;  i>  is  the  total  load  when,  as  indicated 
in  Figure  1,  the  beam  is  one  unit  wide; 
i/=  bending   moment   per   unit   of   width    (total 
bending  moment  when   the  beam   is   one 
unit  wide). 
In  the  present  case  of  a  beam  which  is  not  wide, 
Poisson's  ratio  of  the  concrete,  n,  need  not  be  consid- 
ered.    The  flexure  of  the  beam,  then,  is  governed  by 
the  equation,^ 

l2-£r1  +  H  =  0 (1) 


It  is  expedient  to  introduce  the  distance. 


'Eh? 


(2) 


This  quantity  is  closely  related  to  the  distance,  I, 
used  elsewhere  in  studies  of  the  flexure  of  concrete 
pavements,  under  the  name  "radius  of  relative  stift"- 
ness."  * 

In  fact, 

X=V2  V  1-m'? (3) 


With  X  introduced,  equation  1  becomes 
X^  d'z 


45x^  +  ^-0 


(4) 


This  equation  is  satisfied  by  the  following  general 
solution: 

z  =  A  cos  r-  cosh  --]  B  sin  V-  sinh  z-+  C  cos  -  sinh  r- 

A  A  A  A  A  A 

+  D  sin  —  cosh  Y (5) 

A  X 

The  four  integration  constants,  A,  B,  C,  and  D,  are 
determined  b}^  four  conditions  applying  at  special 
points: 

_^    dz_      Kir  d-'z^v 


d'z    d^z 
dx^    dx-^ 


The  first  two  conditions  give: 


-C=D  = 


2Jc\- 


(6) 
(7) 

(8) 


5  Compare  equation  10  in  the  paper,  .Analysis  of  Stresses  in  Concrete  Roads  Caused 
by  Variations  of  Tcmpcraliirc. 
"<  See  the  two  papers  by  the  writi  r  referred  to  in  the  preceding  footnotes. 
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With  the  substitution,  a  = 


.(9) 


one  finds  by  using  the  third  and  fourth  conditions: 

._    p     cosh  2a  +  cos2a:  +  2 

2Jc\     sinh  2a  +  sin  2q; 
7?— _    P      cosh  2a  — cos  2a 

2tX  sinh2a  +  sin2a ^     •* 


By  dilfercntiating  equation  5  twice,  and  substituting 
the  vakies  of  the  constants,  one  finds  the  following  ex- 
pression for  the  bending  moment  at  any  point  between 
x  =  0  and  x  =  o; 


.J/=T 


1      Fcosh  2a 
4  ^'^Lsinh  2a 


2a  — cos  2a  X         ,   X 

•  — s^  COS  r  cosh  - 

sm  2a         X  X 

,  cosh  2a  +  cos  2a +  2    .    x    .   ,   x 

T ■   1   o — I — '■ — n —  sm  -  sinh  r- 

smh  2a  +  sm  2a  X  X 

X    .        X         .     X  x~\ 

—  cos  ^  sinh  ^;^ — sin  ^  cosh  - (IT 

XX  X  XJ 

The  greatest  bending  moment  becomes: 


M, 


1  cosh  2a  — cos  2a 


"•■^^     4  sinh  2a  +  sin  2a-^'^--- 
The  greatest  stress  becomes: 


<?■  =  "^ 


3  cosh  2a  —  cos  2a   ^  I E 


2  sinh  2a  +  sin  2a  \  3'k 


ph 


(12) 


(13) 


Tables  are  available  by  which  the  numerical  com- 
putations, leading  to  the  curves  in  Figure  1  can  be 
made  conveniently/ 

USE   OF  SCALES  DISCUSSED 

The  scales  below  the  curves  in  Figure  1  interpret,  for 
different  values  of  the  depth  of  the  beam,  the  horizontal 
distances  in  terms  of  feet.  The  scales  on  the  right 
interpret  the  vertical  distances  as  bending  stresses  in 
pounds  per  scjuare  inch,  produced  by  a  load  of  1,000 
pounds  per  foot  of  width  of  the  beam.  For  example, 
in  the  case  of  a  beam  7  inches  deep,  the  horizontal  dis- 
tances are  measured  in  the  horizontal  scales  on  the 
second  line  from  the  bottom,  and  the  stresses  are 
measured  in  the  vertical  scales  on  the  second  line  from 
the  left.  The  lengths  of  the  units  in  the  scales  are 
defined  by  the  expression  for  X  (equation  2)  and  by  the 
assumed  numerical  values: 


inches  ^ 


_„  pounds 
50  T — ^- — 5)  p  ■■ 
mches-*  ^ 


1,000 


pounds 
feet 


(14) 


For  example,  with  A  =  7  inches,  equation  2  gives  X  =  51 .2 
inches  =  4.27  feet.  One  finds  the  same  value  by 
measuring  the  distance  representing  X  on  the  horizontal 
scale  for  h  =  7  inches,  that  is,  on  the  second  line  from 
the  bottom,  and  thereby  one  verifies  the  length  of  the 
unit  of  this  scale.     With  a  =  X,  that  is,  with  the  length 

'  K.  Ilayashi,  Sieben-  und  mehrstellige  Tafeln  der  Kreis-  und  nyperbelfunktionen 
und  deren  Produkte  sowie  der  Gammafunktion,  Berlin,  1926.  .See  also  the  table  on 
pages  200-201  in  the  work  bv  H.  Miiller-Breslau  referred  to  in  footnote  2. 
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of  the  7-mch  beam  equal  to  2X  =  8.54  feet,  one  finds  the 
maximum  bending  moment  by  measuring  either  the 
ordinate  of  the  peak  in  the  corresponding  moment 
diagram  or  the  ordinate  of  the  point  of  the  dotted 
curve  having  the  abscissa  X.  By  use  of  the  scale  on 
the  left,  one  finds  this  moment  to  be  J/  =  0.230  pX,  or, 
with  2>  =  1,000  pounds  per  foot  of  the  width  of  the 
beam,  11=982  foot-pounds  per  foot  of  width  =  982 
inch-pounds    per    inch    of    width.     Dividing    by    the 

section  modulus, -^  •  7-    inch^    per    inch  =  8.167    inch^, 

one  finds  the  maximum  stress,  a  =120  pounds  per 
square  inch.  One  obtains  the  same  value,  without 
intermediate  computations,  by  measuring  the  ordinate 
on  the  scale  on  the  right  for  h  =  7  inches,  and  one 
verifies  thereby  the  length  of  the  unit  of  this  scale.  By 
locating  a  point  on  the  same  moment  diagram,  say,  2 
feet  from  the  center,  one  measures  on  the  vertical  scale 
for  /i.  =  7  inches  the  corresponding  stress,  31  pounds  per 
square  inch.  These  examples  show  the  use  of  the  scales, 
as  well  as  a  method  of  verifying  the  lengths  of  the  units. 
If  Ji  were  changed  from  tlie  value,  50  pounds  per 
cubic  inch,  representing  a  rather  deformable  subgrade, 
to  the  value  200  pounds  per  cubic  inch,  representing  a 
subgrade  four  times  as  stifl",  the  numerical  scales,  both 
vertic^al  and  horizontal,  would  be  stretched  in  the  ratio 
of  V2  to  1,  as  illustrated  by  the  scales  at  the  bottom  of 
Figure  4. 

DIAGRAMS   SHOW    CONSPICUOUS   INCREASE    OF   STRENGTH   ONLY 
WHEN   THE    BEAM    BECOMES    VERY   SHORT 

The  parts  of  the  moment  diagrams  near  the  middle 
of  the  beam  lie  close  together  for  all  values  of  a  larger 
than  X;  that  is,  according  to  the  scales,  when  a  is  larger 
than  from  4  to  6  feet.  When  a  decreases  below  the 
value,  X,  the  moment  diagram  drops,  and  the  stresses 
are  relieved. 

When  the  length  of  the  beam,  2a,  is  greater  than 
5.5X,  the  maximum  moment  is  practically  constant, 
equal  to  0.250  ^^X.  The  dotted  curve  in  Figure  1 
shows  that  when  the  length  of  the  beam  is  decreased 
gradually  from  the  value  of  5.5X,  the  moment  at  the 
center  increases  slightly  until  it  reaches  a  maximum  of 
0.273/>X.  Thereafter  the  bending  moment  decreases, 
becoming  again  equal  to  0.250  ^^X  when  the  length  is 
reduced  to  2.3X,  and  equal  to  one-half  of  that  amount 
when  the  length  is  X.  The  following  conclusions  are 
drawn.  If  a  load  is  just  large  enough  to  break  a  very 
long  beam  when  applied  at  the  center,  the  same  load 
is  capable  of  breaking  any  beam  of  length  greater  than 
2.3X,  the  cross-section  and  subgrade  remaining  the 
same.  If  a  weight  of  twice  that  amount  be  placed 
first  on  a  very  long  beam,  breaking  it,  then  on  each  of 
the  pieces  into  which  it  breaks,  and  so  on,  the  breaking 
up  will  continue  until  the  pieces  have  a  length  of 
between  0.5X  and  X.  If  the  load  moves  gradually  over 
the  length  of  the  long  beam,  it  will  break  it  into  pieces 
of  about  this  size.  In  relation  to  the  size  of  slabs 
built  in  concrete  pavements,  these  pieces  are  small. 

By  use  of  the  dotted  curve  in  connection  with  the 
scales,  one  may  determine,  for  a  given  modulus  of 
rupture,  the  loads,  p,  that  the  difl'erent  beams  can  carry. 
Figure  2  shows  results  of  this  sort.  The  assumed  mod- 
ulus of  rupture  is  600  pounds  per  square  inch.  The 
modulus  of  subgrade  reaction,  Jc,  is  still  assumed  to  be 
50  pounds  per  cubic  inch.  The  curves  show  that  the 
strength,  measured  by  p,  does  not  vary  greatly  with  the 
length  so  long  as  a  remains  greater  than  6  feet. 


THE  PAVEMENT  WILL  BREAK  IP.  ULTIMATELY.  INTO  SMALL  UNITS 
IK  THE  WHEEL  LOADS  ARE  HEAVY  ENOUGH  TO  BREAK  A  LARGE 
SLAB  WITHOUT  THE  AH)  OF  CHANGES  OF  TEMPERATl  RE  AM) 
CHANGES   IN    THE  SUBGRADE 

Figure  3  shows  moments  and  stresses  along  the  edge 
of  a  large  slab  on  elastic  subgrade  loathed  at  the  edge. 
This  diagram"  has  a  ])eak  at  the  middle.  This  ])eak 
is  rounded  off,  as  shown  by  four  examples.  The  result- 
ant maxinuim  value  depends  on  the  area  of  contact 
between  the  load  and  the  pavement,  and  the  thiclviiess 
of  the  slab.  The  curves  rounding  off  the  peak  arc 
drawn  so  as  to  indicate  the  proper  values  of  the  sti-esses 
at  the  bottom  of  the  slab.  The  vertical  scales  define 
stresses  in  pounds  per  square  inch  produced  in  slabs 
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FunniE  2. — Uklatio.ns  Hktweex  Size  and  yrRKXGTH  or 
Bkam.s  on  Unifoum  Elastic  Subgrade.  Nu.vikrical 
Values  Assumed:  £  =  3,000,000  Pounds  per  Square 
Inch;  /v  =  50  Pounds  per  Cubic  Inch;  Modulus  of  Rup- 
ture OF  Concrete  ^600  Pounds  per  Square  Inch. 
The  Value  of  p  Measures  the  Strength 


»  The  curve  is  taken  from  Figs.  10  and  U  in  the  paper,  Stresses  in  Concrete  Pave- 
ments Compute  1  by  Tlieiirclical  Analysis,  referrc  i  to  previously.  The  curve  wai> 
obtained  by  interpolation  belwcon  tlie  numerical  values  given  for  ;i=0  and  ;i  =  025. 
respectively,  so  as  to  obtain  valuer  for  ^  =  0.1.').  The  maximum  values  are  (ielinoJ 
by  equation  12  or  Table  1  in  that  I'aper. 
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of  different  thicknesses  by  a  load  of  10,000  pounds. 
The  horizontal  scales  are  like  those  in  Figure  1.  A 
very  similar  diagram,  though  with  smaller  ordinates, 
may  be  drawn  representing  the  moments  and  stresses 
produced  by  a  wheel  load  applied  at  an  interior  point 
of  the  area  of  a  large  slab,  at  a  considerable  distance 
from  the  edges." 

The  diagram  in  Figure  3,  representing  moments  and 
stresses  at  the  edge  of  a  large  slab,  shows  a  general 
similarity  to  the  corresponding  diagram  in  Figure  1  for 
the  long  beam  (with  a=  co).  This  similarity  warrants 
the  conclusion  that  if  the  length  of  the  slab  in  the 
direction  of  the  loaded  edge  be  reduced  gradually  with- 
out much  change  of  the  dimension  perpendicular  to 
the  edge,  the  law  of  relief  of  stress  by  the  reduction  of 
size  will  be  about  the  same  as  that  which  was  found  for 
the  beam.  If  the  width  is  reduced  greatly  while  the 
length  is  reduced,  the  relief  of  stress,  naturally,  either 
will  be  delayed  or  will  fail  to  appear. 

The  distance  between  the  points  of  zero  bending 
moments  serves  to  interpret  horizontal  distances  in 
general.  In  case  of  the  slab  this  distance  is  0.75  times 
the  corresponding  distance  in  the  case  of  the  beam. 
One  may  conclude  that  wheel  loads  that  would  over- 
stress  a  large  slab  without  the  aid  of  changes  of  tem- 
perature and  changes  in  the  subgrade  are  capable  of 
breaking  up  the  pavement  ultimately  into  pieces  of 
even  smaller  dimensions  than  were  found  in  the  case  of 
the  beam. 

■  By  use  of  Figure  5  and  Table  3  iu  the  paper  referred  to  in  the  preceding  footnote. 


CORNER   BREAKS  DISCUSSED 

In  discussing  the  size  of  the  pieces  produced  by 
cracking,  attention  must  be  given  also  to  the  case  of 
the  corner  break;  that  is,  the  case  in  which  a  load  at  a 
corner  causes  a  triangular  piece  to  break  oft".  The 
shortest  distance  from  the  corner  to  the  danger  section 
has  been  computed  to  be  approximately,* 


2V«.Z- 


(15) 


where  Oi  is  the  distance  from  the  corner  to  the  center  of 
the  load,  which  is  assumed  to  be  at  the  same  distance 
from  the  two  intersecting  edges.  P^or  example,  wdth 
£"=3,000,000  pounds  per  square  inch,  Z:  =  50  pounds 
per  cubic  inch,  ^  =  0.15,  and  h  =  8  inches,  giving  1  =  40.2 
inches,  and  with  fli  =  4  inches,  one  finds  Xi  =  25.4  inches. 
The  corresponding  distance  measured  along  the  edge  is 
X1V2  =  36  inches. 

NARROW  CRACKS  MAY  ACT  TO  SOME  EXTENT  AS  HINGED  JOINTS 
TRANSMITTING    VERTICAL  FORCES   BETWEEN    THE   SLABS 

While  no  appreciable  bending  moments  can  be  trans- 
mitted across  a  crack  in  a  pavement,  it  is  conceivable 
that  vertical  forces  may  be  transmitted  if  the  crack 
remains  narrow,  so  as  to  permit  the  rough  edges  of  the 
adjoining  slabs  to  interlock.  The  crack  then  acts  to 
some  extent  as  a  hinged  joint.  A  wide  open  crack,  on 
the  other  hand,  represents  free  edges  of  the  slabs. 

8  Equation  4  in  the  paper,  Stresses  in  Concrete  Pavements  Computed  by  Theoreti- 
cal Analysis,  referred  to  previously.  Values  of  the  stresses  are  given  in  Table  2  and 
by  equation  6  in  that  paper. 
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Figure  3. — Diagram  of  Moments  and  Stresses  Along  the  Edge  of  a  Large  Slab,  Resting  on  Uniform  Elastic  Sub- 
grade,  AND  Loaded  at  the  Edge.  Numerical  Values  Assumed:  ^1"  =  3,000,000  Pounds  per  Square  Inch;  Poisson's 
Ratio  of  the  Concrete,  ;u  =  0.15;  /v=50  Pounds  per  Cubic  Inch 
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Narrow  cracks  do  not  always  act  as  hinged  joints. 
For  example,  if  a  crack,  separating  slabs  A  and  B, 
follows  a  sloping  surface  through  the  thickness  of  the 
slab,  it  is  possible  that  slab  A  may  rest  on  B  at  the 
crack,  but  that  B  wdll  be  free  to  depart  from  A  by  de- 
flecting downward.  Thus,  with  A  loaded,  tlie  crack 
represents  a  hinged  joint,  but  with  B  loaded,  it  repre- 
sents a  free  edge.  Even  with  this  possibility,  it  is 
probable  that  the  statistical  average  of  narrow  cracks 
acting  to  some  extent  as  hinged  joints  is  fairly  high. 
This  action  of  the  cracks  then  becomes  an  important 
feature  in  the  mechanics  of  tlie  pavement. 

An  observation  may  be  ol^tained  from  the  tables 
which  have  been  computed  for  the  stresses  produced 
in  a  large  slab  by  a  wheel  load,  applied  either  at  an 
interior  point  of  the  area  or  at  a  free  edge.^  Consider, 
for  example,  a  7-inch  slab,  with  the  values  of  E,  n, 
and  Tc  as  in  Figure  3.  With  the  load  P=  10,000  pounds 
applied  in  the  interior  of  the  area,  and  distributed 
uniformly  over  a  circle  with  a  radius  of  4  inches,  the 
stress  given  by  the  table  (Ta])le  3  in  the  paper  referred 
to)  is  319  pounds  per  square  inch.  With  the  same  load 
acting  at  a  free  edge,  for  example,  at  an  open  crack,  the 
load  being  distributed  uniformly  over  a  semicircle 
with  a  radius  of  4  inches  and  with  the  center  at  the 
edge,  and  the  thickness  being  the  same,  the  stress 
given  in  the  corresponding  (able  is  494  pounds  per 
square  inch.  Now  consider  a  narrow  crack,  with  the 
load  applied  on  one  side  of  it.  If  this  crack  acts 
perfectly  as  a  hinged  joint,  one  may  assume  that  one-half 
of  the  vertical  force  is  transmitted  through  the  joint. 
One  might  assume  further  that  the  strees  is  approxi- 
mately cut  in  two;  that  is,  reduced  from  494  to  about 
247  pounds  per  square  inch,  but  on  account  of  the 
character  of  the  local  action  light  under  the  load,  even 
with  the  joint  acting  ideally,  the  reduction  would 
probably  be  less  than  one-half  of  the  original  amount. 
If  the  stress  should  be  reduced  to,  say,  300  pounds  per 
square  inch,  it  would  still  be  less  than  the  stress,  319 
pounds  per  square  inch,  which  was  produced  when 
the  load  acted  in  the  interior,  distributed  over  the  area 
of  a  full  circle  with  radius  of  4  inches.  The  numerical 
example  chosen  is  typical.  An  inspection  of  the  tables 
shows  that  the  most  significant  feature  applies  generally; 
namely,  that  the  stress  at  a  free  edge  is  appreciably 
less  than  twice  the  corresponding  stress  in  the  interior, 
the  thickness  being  the  same. 

One  must  not  expect  that  even  a  narrow  crack  will 
be  as  fully  effective  as  a  hinged  joint,  as  was  assumed  in 
the  numerical  example.  Still,  since  it  is  probable  and 
normal  that  the  narrow  crack  acts  to  some  extent  in 
this  manner,  being  partly  effective  as  a  hinged  joint, 
one  may  conclude,  first,  that  under  normal  circum- 
stances wheel  loads  produce  less  stresses  next  to  a 
narrow  crack  than  next  to  a  wide  one,  and  that  accord- 
ingly a  new  crack  is  less  likely  to  start  from  a  narrow 
crack  than  from  a  wide  oiu;;  secondly,  one  may  con- 
clude that  it  is  probable  and  normal  that  the  maxi- 
mum bending  stress  at  the  narrow  crack  will  not 
exceed  greatly  the  stress  that  the  same  load  produced 
at  the  same  point  before  the  crack  was  formed. 

Similar  considerations  a])])ly  to  the  stresses  tending 
to  produce  a  corner  break.  If  a  corner  is  formed  in 
the  interior  by  one  crack  starting  from  another,  and 
if  the  cracks  remain  narrow,  it  is  probable  that  the 
adjoining    slabs    will    be    capable    of    supporting    one 

'  Tables  3  and  4  in  the  paper  referred  to  in  footnote  8. 


another  to  some  extent  by  transfer  of  vertical  forces 
across  the  cracks.  One  maj^  expect  a  corresponding 
reduction  of  the  stresses  due  to  a  load  at  the  corner, 
as  compared  with  (iie  stresses  that  would  occur  if  the 
edges  forming  the  coiium-  were  free. 

KICINFOKCEMKNT  KEEPS   CRACKS   NARROW 

In  the  case  of  subgrades  which  arc  not  favorable 
relatively  small  amounts  of  steel  reinforcement  placed 
at  the  top,  the  middh*,  or  the  bottom  of  the  i)avement 
have  proved  structurally  effective.  The  foregoing  dis- 
cussion shows  the  advantage  of  keeping  the  cracks 
narrow.  It  appears  that  small  amounts  of  reinforce- 
ment are  capable  of  keeping  cracks  narrow,  as  a  rule, 
and  that  it  is  this  performance  of  the  reinforcement 
that  accounts  for  its  efi'ectiveness. 

LONGITUDINAL  JOINTS  REDUCE  THE  FREQUENCY  OF  WIDE  CRACKS 

If  transverse  cracks  occur  in  a  fairly  large  number, 
only  a  few  of  them  can  open  widely,  since  within  a 
given  length  of  the  pavement  the  total  distance  covered 
by  concrete  can  not  vary  greatly,  and  thus  a  limit  is 
set  for  the  sum  of  the  widths  of  all  the  cracks.  On 
the  other  hand,  if  a  longitudinal  crack  occurs  in  an 
unreinforced  pavement,  it  is  likely  to  open  up  widely, 
since  the  slabs  may  creep  transversely.  In  view 
of  this  relative  significance  of  the  longitudinal  cracks, 
it  appears  especially  desirable  to  anticipate  the  tend- 
ency for  these  ci-acks  to  form  by  introducing  properly 
designed  longitudinal  joints.  Thickened  edges  of  the 
two  slabs,  or  dowels,  or  a  tongue-and-groove  design 
are  well-established  means  of  bringing  about  the  de- 
sired increased  strength  of  the  joint,  as  compared 
with  the  strength  of  the  free  edges  at  the  wide  crack. 

TmCKENED  OUTER   EDGES  DELAY   CRACKING 

The  thickened  outer  edge  may  have  an  impoi'tant 
function  in  keeping  the  subgrade  material  in  place. 
The  thickened  edge  may  be  desirable  because  the 
chance  of  defective  support  is  greater  at  the  edge  than 
in  the  interior.  In  the  case  of  an  even  subgrade,  if 
one  considers  either  a  new  pavement,  not  j^et  cracked, 
or  a  pavement  in  which  all  the  cracks  are  narrow  and 
capable  of  acting  to  some  extent  as  hinged  joints,  a 
balanced  design  requires  thickened  outer  edges.  It  is 
true  that  if  some  of  the  cracks  open  up  widely,  or  if 
by  chance  some  narrow  cracks,  as  is  possible,  fail  to 
function  as  hinged  joints,  these  cracks  will  represent 
unthickened  free  edges,  and  when  these  edges  are 
considered,  the  design  is  no  more  completely  balanced. 
StUl,  the  thickening  of  the  outer  edge  means  that  one 
certain  weak  edge  has  been  eliminated.  One  may 
expect,  accordingly,  a  delay  in  the  progress  of  cracking. 
This  delay  maj^  be  counted  in  years  if  the  big  loads, 
the  fatal  impacts,  occur  only  as  rare  accidents. 

It  seems  rational  to  design  the  pavement  with 
suflicient  thickness  everywhere  to  make  rare  and 
improbable  the  accident  of  an  impact  load  causing  a 
new  crack  to  start  anywhere,  the  case  being  included 
in  which  the  new  crack  starts  from  a  fi-ee  oxXga  at  an 
existing  crack.  Kegardless  of  whether  the  design  is 
balanced  under  all  circumstances  or  not,  the  thickening 
of  the  outer  edges  doul)tless  remains  good  strategy, 
and  is  a  rational  method  of  prolonging  the  life  of  the 
pavement  by  reducing  the  statistical  average  of  new 
cracks  per  year. 
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STRESSES    DUE    TO    CHANGES    OF   TEMPERATURE    ARE    RELIEVED 
MATERIALLY   WHEN    A  20-FOOT  SLAB   BREAKS  IN   TWO 

The  slab  of  length  2a,  shown  at  the  top  of  Figure  4, 
tends  to  curl  under  the  influence  of  a  difference  of 
temperature  between  the  top  and  the  bottom.  If 
loads  bring  about  complete  contact  between  the  slab 
and  the  subgrade,  and  if  the  temperature  varies 
uniformly  from  the  top  to  the  bottom,  the  maximum 
bending  stresses,  contributed  at  some  distance  from 
the  edge  of  length  2a  by  the  change  of  temperature 
alone,  will  be  as  defined  by  the  curve  in  Figure  4, 
marked  "Case  I,"  in  connection  with  the  scales  below 
and  on  the  right. '°  The  assumed  numerical  values 
are:  Coefficient  of  expansion,  et  =  0.000006  per  degree 
Fahrenheit;  modulus  of  elasticity  of  concrete,  E= 
3,000,000  pounds  per  square  inch;  difference  between 
temperatures  at  top  and  bottom,  ^  =  10  degrees  Fahren- 
heit. The  scales  are  used  as  in  Figure  1.  The  curve 
shows  clearly  the  relief  of  stress  occurring  when  a  is 
changed,  for  example,  from  10  feet  to  5  feet;  that  is, 

i"  The  curve  is  the  same  as  the  lower  curve  in  Fig.  5  in  the  paper,  Analysis  of 
Stresses  in  Concrete  Roarts  Caused  by  Variations  of  Temperature,  as  presented  in 
Public  Roads,  vol.  -8,  No.  3,  May,  1927.  The  stresses  are  defined  by  equations 
7  and  20  in  that  paper. 


when  the  length,  2a,  is  changed  from  20  feet  to  10  feet. 
The  conclusion  is  drawn  that  in  the  jirocess  of  breaking 
up,  the  slabs  profit  from  reduction  of  size  at  a  much 
earlier  stage  so  far  as  the  stresses  due  to  changes  of 
temperature  are  concerned  than  so  far  as  the  stresses 
due  to  the  loads  are  concerned. 

SETTLEMENTS  IN  THE  SUBGRADE  MAY  PRODUCE  EFFECTS  SIMILAR 
TO    THOSE   DUE    TO    CHANGES    OF    TEMPERATURE 

One  may  describe  changes  in  the  subgrade  in  terms 
of  the  shape  that  an  originally  plane  upper  surface  of 
the  subgrade  would  assume  with  the  pavement  unloaded 
if  the  resistance  of  the  pavement  to  bending  were 
destroyed  so  that  the  pavement  would  exert  only  an 
even  pressure  equal  to  its  weight.  In  Case  I,  repre- 
sented at  the  top  of  Figure  4,  this  surface  is  assumed 
to  be  cylindrical,  with  the  constant  small  curvature,'^  c. 
It  is  observed  that  the  same  tendency  to  separation 
between  the  slab  and  the  subgrade  exists  in  this  case  as 
in  the  case  of  curling  due  to  a  difference  of  temperature 
between  the  top  and  the  bottom.  The  curve  marked 
"Case  I"   applies,   therefore,   to   the  present  case  of 

11  The  curvature  is  the  reciprocal  of  the  radius  of  curvature. 
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settlements  in  the  subgrado  as  well  as  to  the  case  of 
changing  temperatures.  The  scales  on  the  left  are 
drawn  so  that  they  define  the  maximum  stress  at  the 
edge  corresponding  to  £'=3,000,000  pounds  per  square 

inch,  c=10"^  in."'   (radius  of  cylindrical  surface  =  - = 

10^  inches  =  f  .6  miles). 

In  Case  II,  in  Figure  4,  the  unloaded  top  of  the  sub- 
grade  is  assumed  to  follow  a  cosine  wave  with  wave 
length  4a.  When  the  maximum  curvature  is  the  same 
as  in  the  preceding  case,  equal  to  c,  the  equation  of  this 
surface  becomes 

4      ,        ttx 

Zo=--2  ca-  cos 


2a" 


(16) 


With  the  slab  continuous  over  several  wave  lengths, 
and  with  loads  maintaining  contact  between  the  slab 
and  the  subgrade,  one  obtains,  by  the  derivations  given 
below,  the  dotted  curve  maikcnl  "Case  II."  The  same 
scales,  below  and  on  the  left,  apply  to  both  curves. 

FORMULAS     DERIVED     FOR     COMPUTING     STRESSES     RESULTING 
FROM    DEFORM.\TIONS   IN    THE   SUBGRADE 

Let  2o  denote  the  deformation  at  any  point  of  the 
unloaded  surface  of  the  subgrade.  With  contact  main- 
tained between  the  slab  and  the  subgrade,  the  reaction 
of  the  subgrade  per  unit  of  area  becomes  Iciz  —  Zo).  So 
long  as  z  and  Zq  are  functions  of  x  only  (independent  of 
the  other  horizontal  coordinate,  y),  the  following  equa- 
tion governs  the  flexure  (replacing  equation  1): 


Eh' 


12(1 


M 


d'z 


-]ciz-Zo)  =  0. 


(17) 


Poisson's  ratio,  n,  enters  here  because  the  slab  is 
assumed  to  be  broad  in  the  direction  of  y.  By  intro- 
ducing the  quantity 


(18) 


X-    V        ^^         -1   l9 


which  differs  only  slighth^  from  the  corresponding  value 
defined  by  equation  2,  equation  17  becomes: 


■Zo- 


(19) 


4  dx* 


Because  of  Poisson's  ratio,  the  deflections  actually 

are  not  independent  of  y  at  and  close  to  the  edges  which 

are  parallel  to  the  axis  of  x.     No  great  inaccuracy  is 

introduced,  however,  by  assuming  the  maximum  value 

d'^z 
of  the  curvature,  ->.-2  to  ^^  the  same  at  the  edge  as 

farther  in.  The  maximum  bending  stress  at  the  edge 
is  computed  then,  both  in  Case  I  and  Case  II,  by  the 
formula, 

Ehrd-zl  ,--, 

'^=^TUd=o ^-°^ 

with  z  determined  from  equation  19. 


In  Case  I,  with 


-^0" 


■-^cx-,one  arrives  at  the  solution 


equivalent  to  that  which  was  obtained  in  the  study  of 
curling.'^  Then,  by  use  of  equation  20,  the  maximum 
stress  at  the  edge  is  computed  to  be 

"  Equations  18  and  20  in  the  paper,  Analysis  of  Stresses  in  Concrete  Roads 
Caused  by  Variations  of  Temperature. 


,,,  ri     cosrt  sinha  +  sina  cosha~|  ,,,, 

a=  the]  -    -  •    u  o     7     •      o  -^"-^l 

l_2  smh  2a  +  sin  2a        J 


where  a  = 


In  Case  II,  with  .r„  defined  by  equation  16,  the  follow- 
ing solution  satisfies  e([uation  19: 


1  -i 


1  4ca^  ttx 

^-^,  ,,  cos  ,,   _ 

TT*      X'  TT-  2rt 

G4  a' 


(22) 


The  maximum  stress  at  the  edge  becomes,  according 

to  equation  20, 

Ehc  ,     . 

<T=' .^ {26) 

2  +  3.044    , 


so  FAR  AS  STRESSES  DUE  TO  DEFORMATIONS  OF  THE  SUBCiKADK 
ARE  CONCERNED.  LAHiJK  SLABS  ARE  PENALIZED,  Bl  T  SMALLER 
SLABS    PROFIT    BY    iK<  HEASE   OF   THE   THICKNESS 

Both  in  Case  I  and  Case  II,  when  a  is  large,  the 
stresses  due  to  deformations  of  the  subgrade  are  ap- 
proximately proportional  to  the  thickness  of  the  slab. 
Writing  a  =  \a,  cr=  Ehc^,  one  may  interpret  a  and  /3  as 
coordinates   of   cither   one   of   the   curves.     One   may 

observe  that  the  rate  of  increase  of  stress,  ,, ,  is  positive 

or  negative,  that  is,  the  slab  is  penalized  or  profits, 
respectively,  by  an  increase  of  the  thickness,  according 

to  whether  -is  greater  than  or  smaller  than  -j  n- 
a       ^  4:  da 

In  Case  I,  these  two  quantities  are  approximately 

ecjual  when  a  =  2X.     \Vith  smaller  values  of  a — that  is, 

smaller  size — the  slal)  profits  from   an  increase  of  /;. 

For  example :  2a  =  1 2  feet,  Ic  =  50  pounds  per  cubic  inch, 

/i.  =  6  inches,  gives  according  to  the  diagram:  a  =  1.57X, 

o-  =  51  pounds  per  square  inch;  changing  li  to  8  inches 

gives  o-  =  39  pounds  per  square  inch. 

A  GIVEN  DEFORMATION  IS  THE  MORE  UNDESIRABLE  THE  STIFFER 
THE  SUBGRADE 

A  glance  at  the  horizontal  scales  in  Figure  4  shows 
that  the  stiffer  the  subgi'ade,  the  more  severe  on  the 
pavement  is  a  given  deformation  of  the  subgrade  of 
the  type  of  Case  II  (so  long  as  a  is  less  than  3X),  and 
the  smaller  is  the  value  of  a  corresponding  to  a  given 
stress.  Thus  one  observes  the  virtue  of  a  subgrade 
which  is  capable  of  adjusting  itself  under  the  pavement 
after  a  deformation  has  occurred. 

CONCLUSIONS 

Conclusions  are  summarized  as  follows: 

The  pavement  breaks  into  pieces  of  small  size, 
possibly  4  feet,  or  less,  if  the  loads  are  capable^ of 
producing  cracks  without  the  aid  of  changes  of  tem- 
perature or  settlements  in  the  subgrade. 

The  bending  stresses  contributed  by  changes_^of 
temperature  and  tlic  deformation  of  the  subgrade  arc 
expected  to  be  relieved  materially  when  the  size  of  the 
pieces  has  become  about  10  feet.  If  the  deformations 
in  the  subgrade  remain  moderate  for  a  period  of  years, 
there  is  reason  to  ex])cct  that  the  paveim-nt  will  not 
break  up  further  during  this  period  of  years,  provided 
that  the  loads  do  not  jiroduce  excessive  stresses. 

The  desirability  of  thick  pavements  is  indicated  by 
a  consideration  of  the  probable  frequency  of  cracks 
after  a  period  of  years. 
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EFFECT    OF    TYPE    AND    GRADATION    OF    COARSE 
AGGREGATE  UPON  THE  STRENGTH  OF  CONCRETE 

Reported  by  W.  F.  KELLERMANN,  Assistant  Materials  Engineer,  Division  of  Tests,  United  Slates  Bureau  of  Public  Roads 

THE  compression  tost  has  been  employed  almost 
universally  in  the  past  for  measuring  the  quality 
of  Portland  cement  concrete.  Applied  to  struc- 
tural concrete  for  genci-al  purposes,  this  measure  of 
■quality  has  proved  quite  adequate,  because  in  such 
cases  "the  crushing  strength  is  the  property  of  greatest 
interest.  When  the  concrete  is  to  be  used  in  the  con- 
struction of  pavements,  however,  the  crushing  strength, 
although  still  important,  is  no  longer  the  critical  factor. 
Concrete  pavements  should  be  designed  to  support, 
without  cracking,  heavy  concentrated  loads  which 
subject  them,  to  high  bending  stresses. 

Flexural  strength  thus  becomes  the  most  important 
strength  characteristic,  and  the  factors  which  affect 
it  become  of  interest  to  the  highway  engineer,  even 
though  they  may  not  be  of  primary  importance  in 
other  types  of  concrete  construction.  To  illustrate 
this  distinction:  It  has  been  demonstrated  through 
research  that  within  quite  wide  limits  the  kind  of 
coarse  aggregate  empo,yed  has  relatively  little  effect 
on  the  crushing  strength  of  concrete,  provided  the 
mixture  is  workable  and  the  aggregates  sound.  This 
is  not  true  in  the  case  of  flexure,  however,  all  of  the 
test  data  so  far  accumulated  indicating  that  such 
factors  as  surface  texture,  angularity  of  fragments,  and 
other  characteristics  of  the  aggregates  aft'ect  the 
flexural  and  tensile  strength  of  the  concrete  to  a 
marked  degree.  The  tests  which  are  reported  in  this 
paper  substantiate  earlier  exjieriments  along  the  same 
lines  and  indicate  that  the  character  of  aggregate 
must  be  given  consideration  in  the  design  of  concrete 
for  pavements. 

These  tests  also  indicate  that  the  compressive 
strength  of  concrete  may  be  aff'ected  by  the  character 
of  the  coarse  aggregate  to  a  considerably  greater  extent 
than  has  been  shown  by  prior  investigations. 

A  VARIETY  OF  COARSE  AGGREGATES  AND  AGGREGATE  GKADINGS 

TESTED 

The  tests  were  conducted  primarily  for  the  purpose 
of  determining  the  effect  of  type  of  coarse  aggregate 
upon  the  flexiu'al  strength  of  concrete.  Auxiliary 
data  regarding  resistance  to  direct  tension  as  well  as 
crushing  strength  and  yield  of  concrete  were  also 
obtained.  Seventeen  typical  coarse  aggregates,  in- 
cluding seven  gravels,  seven  crushed  stones  and  three 
blast-furnace  slags  were  selected  from  various  sources 
so  as  to  give  as  wide  a  range  in  physical  characteristics 
as  possible.  These  were  tested  in  concrete,  using  four 
typical  coarse  aggregate  gradings  as  well  as  four  paving 
mixes.  The  sand  used  was  a  typical  high-grade  con- 
crete sand.  Its  physical  properties  as  well  as  those  of 
the  Portland  cement  emploj^ed  in  the  tests  are  given 
in  Table  1.  The  physical  properties  of  the  various 
coarse  aggregates  are  given  in  Tables  2  and  3. 

Each  coarse  aggregate  was  separated  into  four  sizes 
at  the  laboratory  and  recombined  into  four  definite 
gradings  as  shown  below.  These  gradings  will  be 
referred  to  by  number  and  it  should  be  noted  that 
they  range  from  coarse  to  fine  in  numerical  order  of 
designation. 


Table  1. — Physical  properties  of  cemerit  and  fine  aggregate  used  in 

all  tests 

CEMEXT 

Fineness,  percentage  relained  on  200-mesh  sieve,  11.5. 
Time  of  set  (Gillmore) : 

Initial,  3  hours  10  minutes. 
Final,  5  hours  35  minutes. 
Steam  test  for  soundness,  O.  K. 
Normal  consistency,  23.1  per  cent. 

Tensile    strength    (pounds  per  square  inch,    1:3    Ottawa    sand 
mortar) : 

Pounds 

7  days 285 

28 380 

FINE    AGGREGATE 

Sieve  analysis: 

Total  retained  on  34 -inch  screen,  per  cent 1 

Total  retained  on  No.  10  sieve,  per  cent 12 

Total  retained  on  No.  20  sieve,  per  cent 25 

Total  retained  on  No.  30  sieve,  per  cent_^ 42 

Total  retained  on  No.  40  sieve,  per  cent 72 

Total  retained  on  No.  50  sieve,  per  cent 93 

Total  retained  on  No.  100  sieve,  per  cent 100 

Silt  and  clay,  per  cent 0.  3 

Ai^parent  specific  gravity 2.  66 

Weight  in  pounds  per  cubic  foot  (dry  rodded) 104 

Organic  matter  (color  test) Satisfactory. 

Strength  ratio: 

7  days 117 

28  days 120 

Description:  Sand  consists  essentially  of  subangular  grains  of 
quartz,  sandstone  and  shale,  slate  and  feldspar. 

Table  4  gives  the  weight  per  cubic  foot  (dry  rodded) 
and  the  percentage  of  voids  for  each  coarse  aggregate 
and  for  each  grading. 

All  aggregates  are  identified  by  number  rather  than 
by  source  of  supply. 

In  outlining  this  series  of  tests  it  was  thought  advis- 
able to  include  more  than  one  proportion,  and  for  this 
reason  four  nominal  mixes  (based  on  dry-rodded 
volumes)  were  included,  with  the  followdng  pro- 
portions: 

Mix  No.  1—1  :  1.6  :  3. 
Mix  No.  2—1  :  1.6  :  4. 
Mix  No.  3—1  :  2  :  4. 

Mix  No.  4—1  :  2  :  iH. 

Mixes  No.  1  and  No.  2  were  designed  to  correspond 
approximately  to  1:2:3  and  1:2  :4  field  mixes, 
respectively. 

It  will  be  noted  that  mix  No.  4  (1  :  2  :  4)0  is  the 
only  one  which  does  not  conform  to  present  practice. 
This  proportion  was  used  in  an  endeavor  to  determine 
the  manner  in  which  the  lower  sanded  mixes  behave  in 
ifexure  as  compared  to  mixes  containing  smaller 
amounts  of  coarse  aggregate,  but  with  the  same  sand- 
cement  ratio. 
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FABRICATION    AND   TESTING    OF  SPECIMENS   DESCRIBED 

The  procedure  followed  was  to  make  up  specimens 
for  mix  No.  1  and  gradintj  No.  1,  using  all  aggregates, 
on  the  same  day.  Gradings  No.  2,  No.  3,  and  No.  4 
were  then  made  in  turn  on  following  days.  This  was 
repeated  for  mixes  No.  2,  No.  3,  and  No.  4,  in  the 
order  named,  so  that  the  first  round  of  tests  consisted 
of  the  four  mixes  and  the  four  gradings  for  each  of 
the  gravel  and  stone  aggregates  and  two  mixes  and 
four  gradings  of  each  for  the  slag  aggregates,  the 
harsher  mixes,  No.  2  and  No.  4,  not  heing  used  with  the 
slags.  This  recjuired  16  working  days  to  complete 
one  round  of  tests  and,  where  the  ciuantity  of  material 
permitted,  four  complete  rounds  were  made,  making 
a  total  of  64  batches  of  concrete  for  each  aggregate. 
Thus   the  general   averages  given  in  Table   5   are  in 

Table  2. — Physical  properties  of  coarse  aggregates 


Table  4. — Weight    per    niliir   foot    and    percentage    of    voids    of 
coarse  aggregates 


Aggregate  No. 


40  (trap).... 

44  (siliceous  gravel) 

46  (siliceous  limestone). 

50  (siliceous  grave!) 

60  (granite) :.... 

61  (sandstone) 

62  (cherty  limestone) 

63  '  (argillaceous  limestone). 
63a '  (argillaceous  limestone) 

64  (siliceous  gravel) 

6.')  (siliceous  gravel) 

60  (limestone  gravel).. 

67  (limestone  grave!) 

68  (siliceous  grave!)... 

69  (slag) 

70  (slag) 

71  (slag) 

72  (shell  limestone) 


Per  cent 
wear 

Per  cent 
absorp- 
tion 

Specific 
gravity 

'2.4 

0.09 

2.91 

»9.9 

.58 

2.  .59 

13.0 

.04 

2.76 

2  10.8 

.98 

2.60 

12.0 

.17 

2,61 

1  13.2 

4.55 

2.23 

13.5 

.16 

2,66 

16.8 

4,42 

2.30 

1  10.4 

6.56 

2.18 

'  14.  5 

.50 

2.65 

2  13.4 

.36 

2.61 

2  9.8 

1.23 

2.64 

1  15.1 

2.17 

2.  .57 

2  12.8 

.32 

2.58 

1  22.  5 
1  13.7 

1,83 
2.06 

1  12.2 

2.27 

17.0 

1.87 

2.47 

Per  cent 
crushed 
material 


ion 
>  13  to  28 
100 
45 
100 
100 
100 
100 

inn 

20 

1  46  to  76 

'  33  to  30 

'  67  to  92 

15 

100 

100 

100 

ion 


1  Test  made  on  crushed  material. 

2  Standard  test  for  gravel. 

'  The  percentage  of  crushed  material  in  different  gradings  was  as  follows: 


Aggregate  No. 

Grading  No. 

1 

2 

3 

28 
76 
35 
92 

4 

44 

13 

50 
33 
71 

14 

46 
33 
67 

20 

65                                                                 

67 

66    

39 

67                                                                   

88 

*  First  shipment  of  material. 
'  Second  shipment  of  materia!. 

Table  3. — Mineral  composition  of  coarse  aggregates 


Aggre- 
gate 
No. 


Mineral  composition 


Trap— Diabase  and  basalt. 

Gravel — Quartzite,  65  per  cent;  quartz,  30  per  cent;  ironstone  concretions, 

2  per  cent;  chert,  3  per  cent. 
Siliceous  limestone — Ma.ssive  limestone,  98  per  cent;  lime,  calcite  veins,  or 

pure  calcite  pieces,  2  per  cent. 
Gravel— Quartzite,  60  per  cent;  gneiss,  20  per  cent;  slate,  15  per  cent;  chert. 

1  per  cent;  basic  igneous,  4  per  cent. 
Granite— Dark,  25  per  cent;  gray,  10  per  cent;  pink,  65  per  cent. 
Sandstone— Rounded  fragments. 

Cherty  limestone— Pure  limestone,  30  per  cent;  chert  limestone,  70  per  cent. 
.\rgillaceous  limestone- Light.  50  per  cent;  dark,  50  per  cent. 
Gravel— Milk  quartz,  10  per  cent;  gneiss,  80  per  cent;  badly  weathered 

gneiss,  10  per  cent. 
Gravel— Quartz,  90  per  cent;  gneiss,  schist,  and  basic  minerals,  10  per  cent. 
Grave!    Cherty  dolomite  (3  colors). 
Gravel  limestone— Thin  rounded  limestone,  75  per  cent;  chert,  5  per  cent; 

basic  rocks,  granites,  20  per  cent. 
Gravel — Granular  milk  quartz,  SO  per  cent;  rotten  chert,  15  per  cent;  gneiss, 

5  per  cent. 
Slag. 
Do. 
Do. 
Limestone — Shell  limestone. 


.\ggregatc  No. 


40  (trap) 

44  (siliceous  gravel). ., 
4(i  (siliceous  limestone). 
.50  (siliceous  gravel) . . . 

60  (granite) 

61  (sandstone) 

62  (cherty  limestone). . 

63  1   (argillaceous  lime 
stone) _ 

6.3a  2  (argillaceous  lime 
stone) 

64  (siliceous  grave!) 

65  (siliceous  gravel) 

66  (limestone  grave!).. 

67  (limestone  gravel)... 

68  (siliceous  gravel) . . . 

69  (slag) 

70  (.slag).. 

71  (slag) 

72  (shell  limestone) 


Grading 

No,  1 

Grading  No.  2 

Grading  No.  3 

Grading 

Wei  gilt 

Weight 

Weight 

Weight 

[ler 
culiic 

Voids 

per 
cubic 

Voids 

per 

cubic 

Voids 

per 
cubic 

foot 

foot 

foot 

fool 
Pouniin 

I'ound.1 

/^  c(. 

Pounds 

P.ct. 

Pounds 

P.ct. 

1115 

42 

105 

42 

106 

42 

105 

110 

32 

111 

31 

113 

30 

110 

101 

41 

101 

41 

102 

41 

102 

105 

35 

106 

35 

108 

33 

108 

99 

39 

100 

39 

101 

38 

1(X) 

88 

37 

88 

37 

90 

35 

90 

99 

40 

100 

40 

ion 

40 

100 

88 

39 

88 

:«» 

90 

38 

90 

85 

38 
34 

86 
111 

37 
33 

87 
111 

36 

:i3 

109 

112 

109 

33 

110 

3:i 

110 

33 

108 

107 

35 

108 

35 

109 

34 

108 

105 

34 

107 

33 

108 

33 

106 

108 

33 

110 

32 

110 

32 

110 

(i5 

43 

67 

41 

66 

42 

68 

74 

43 

76 

41 

77 

40 

78 

82 

42 

83 

42 

83 

42 

85 

90 

42 

90 

42 

90 

42 

89 

Voids 


/',  cl. 
42 
32 
41 
33 
39 
35 
40 


38 


32 
34 

35 
34 
32 
40 
40 
40 
42 


1  First  shipment  of  material, 

2  Second  shipment  of  material. 

Table  5. — Water-cemnit  ratio,  cement  factor  and  strength  tests- 
general  average  of  all  jnixes  and  all  grading  ' 


Aggregate  No. 


40  (trap) 

44  (siliceous  gravel) 

46  (siliceous  limestone) 

50  (siliceous  gravel) 

60  (granite) 

61  (sandstone) 

62  (cherty  limestone) 

63  (argillaceous  limestone).. 

64  (siliceous  gravel). _.. 

65  (siliceous  gravel) 

66  (limestone  gravel) 

67  (limestone  grave!) 

68  (siliceous  gravel) 

72  (shell  limestone) 


w 

c 

0.85 

.84 

.86 

.85 

.88 

1.08 

.,88 

1.01 

.85 

.83 

.86 

.89 

.84 

.96 

Bags  of 

cement 

per  cubic 

yard 

6.08 

5.53 

5.99 

.5.63 

5.84 

5.73 

5,91 

,5,92 

5,  63 

5,64 

.5.69 

5.68 

5.61 

5.95 

Modulus 

of 
rupture 


Lhs.  per 
s(j.  incfi 
525 
475 
590 
530 
520 
530 
590 
495 
465 
495 
585 
580 
525 
550 


Tensile    r^X""" 
strength      ^j^^^^^j^ 


Lb.t.  per 
sq.  incli 
220 
195 
235 
215 
225 
235 
2;i5 
240 
190 
195 
250 
250 
210 
255 


per 
nrh 
2.  850 
2.860 
2.940 

2.  940 

3,  020 
3.  470 

2,  940 

3,  140 
2,  920 

2,  860 

3.  310 
3.  .300 
2,920 
3,140 


'  Flexure  and  tension  specimens  broken  at  29  days,  compression  specimens  broken 
at  33  days. 

practically  all  cases  based  on  tests  on  ()4  specimens. 
Each  batch  of  concrete  was  large  enough  to  make  one 
6  by  6  by  30  inch  beam  and  one  6  by  21  inch  tension 
cylinder  with  some  excess.  The  volume  of  conci-ete  in 
in  each  batch  was  measured  for  yield  determination. 

All  mixing  was  done  by  hand  in  dry  i:)ans,  tht; 
amount  of  water  uschI  being  that  re((uired  to  produce 
a  consistency  corresixtnding  to  a  flow  of  150.'  Steel 
forms  resting  on  steel  plates  were  used  for  the  beams, 
while  the  cylinders  also  rested  on  steel  plates.  The 
concrete  was  placed  in  the  beam  molds  in  two  layers, 
each  layer  being  rodded  about  thirty-five  times  with  a 
^!^-inch  steel  rod,  bullet-shaped  on  the  end.  The  sides 
were  then  si:)a(led  and  the  top  struck  off  with  a  wooden 
float,  the  final  fiiiisliing  being  done  with  a  st(>el  float. 
In  making  the  tc'iision  cylinders  the  concrete  was 
placed  in  three  layers,  each  layer  being  rodded  about 
thirty  times  with  the  same  rod.  Due  to  the  limited 
facilities  for  handling  the  large  number  of  specimens 
involved  it  was  found  necessary  to  keep  them  in  moist 


1  Percentage  of  original  diameter  of  the  mass  after  15  drops  of  Ji-inch  in  ten  second 

on  a  30-inch  flow  table. 
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air  for  28  days  after  1  day  in  the  molds,  so  that  the  age 
at  test  was  29  days  instead  of  the  conventional  28  days. 
The  beams  were  tested  with  a  portable  cantilever 
device  with  an  extension  arm  and  dynamometer  for 
applying  the  load.  A  view  of  this  machine  is  shown  in 
Figure  1.  The  dynamometer  was  fastened  directly  to 
the  extension  arm  so  that  no  friction  due  to  pulleys  was 
included  in  the  measured  load.  Two  breaks  were 
made  on  each  beam.  The  tension  cylinders  were 
broken  in  a  100,00n-pound  Universal  testing  machine 


■  — .it^jfo.j..»  "^■^iiftntrfri 


^££ 


Figure  1. — Portable    Device    for    Testing    Beams    as 
Cantilevers  Showing  a  Beam  Ready  for  Test 

equipped  with  a  hand  wheel  for  slow  application  of  load. 
A  set  of  grips  similar  to  those  designed  in  the  research 
laboratory  of  the  Portland  Cement  Association  was 
used  for  gripping  the  specimens.  They  may  be  briefly 
described  as  two  pieces  of  G-inch  steel  pipe  lined  with 
leather  and  split  part  way  along  foTU-  elements  so  as  to 
slip  over  the  ends  of  a  straight  cylindrical  concrete 
specimen.  The  segments  are  drawn  tight  on  the  speci- 
men by  means  of  tangential  bolts,  thus  developing  enough 
friction  between  concrete  and  leather  to  prevent  slip- 
ping during  the  test.  Bolts  passing  through  the  head  of 
each  grip  are  provided  with  ball  and  socket  joints  both 
in  the  grip  and  at  the  centering  plate  on  the  testing 
machine,  thus  making  the  specimen  and  grips  self  align- 
ing.    A  view  of  the  device  is  shown  in  Figure  2. 

Remnants  from  the  tension  specimens  were  capped 
with  a  neat  cement  paste  made  with  a  calcium  chloride 
solution  and  broken  in  compression  at  33  days.  They 
varied  in  height  and  a  correction  factor  was  applied 
to  make  the  iiltimato  load  correspond  to  a  specimen 
having  a  height  twice  its  diameter.  Results  were 
therefore  obtained  in  flexure  and  tension  on  the  same 
batch  of  concrete  cured  in  exactly  the  same  manner 
while  resiflts  were  also  obtained  in  tension  and  com- 
pression on  exactly  the  snme  specimen  but  tested  at 
slightly  different  ages. 

RESLLTS   SHOW    WATER-CEMENT   RATIO   NOT   THE   ONLY   FACTOR 
AFFECTING   STRENGTH 

Figure  3  gives  the  average  results  of  all  strength  tests 
for  all  aggregates  except  the  three  slags.  They  were 
omitted  beca\ise  they  were  not  inchided  in  mixes  No.  2 
andNo.4  (l:1.6:4and  1:2:4)0  and  naturally  could  not 
be  included  in  these  grand  averages.  This  same 
information,  together  with  the  corresponding  water- 
cement  ratios  and  cement  factors,  is  given  in  Table  5. 
The  unit  values  for  the  tensile  strength  and  modulus  of 
rupture  were  calculated  to  the  nearest  pound.  These 
figures  were  carried  through  to  the  final  averages. 
In  the  tables,  however,  the  unit  values  are  given  to  the 
nearest  5  pounds.     The  water-cement  ratios  reported 


Figure  2. — A  Tension  Speci- 
men Ready  for  Testing 


in  this  and  other  tables 
were  based  on  the  total 
amounts  of  water  added 
to  each  batch  without 
correction  for  absorption 
of  aggregates. 

The  modulus  of  rupture 
curve  in  Figure  3  shows 
that  the  aggregates  ar- 
range themselves  in  three 
general  groups.  For  the 
purpose  of  discussion 
those  showing  a  modulus 
of  rupture  of  more  than 
r)50  pounds  per  square 
inch  have  been  placed  in 
the  first  group,  those  be- 
tween 550  and  500  in  the 
second  group,  and  those 
less  than  500  in  the  third 
group.  In  the  first  group 
there  are  four  oggregates, 
Nos.  46,  62,  66,  and  67 
(one  siliceous  limestone, 
one  cherty  limestone,  and 
two  limestone  gravels),  with  but  10  pounds  per  square 
inch  difference  among  them.  In  the  second  group  there 
are  six  aggregates,  Nos.  40,  50,  60,  61,  68,  and  72  (one 
each  of  trap,  granite,  sandstone,  shell  limestone,  and  two 
siliceous  gravels),  while  in  the  third  or  low  group  are 
four  aggregates,  Nos.  44,  63,  64,  and  65  (three  siliceous 
gravels  and  one  argillaceoTis  limestone).  Figure  4 
shows  how  the  average  strengths  in  tension,  compres- 
sion, and  bending  for  each  aggregate  vary  from  the 
average  for  all  aggregates.  The  highest  value  for  modu- 
lus of  rupture  exceeds  the  lowest  value  by  27  per  cent. 
A  question  naturally  arises  as  to  the  reason  for  this 
difl'erence,  and  it  is  explained  by  a  consideration  of  such 
factors  as  water  content,  absorption,  angularity  of  par- 
ticles, and  structural  soundness  of  the  aggregates.  Since 
all  of  the  concrete  was  made  to  the  same  consistency 
and  the  proportions  and  gradation  for  a  given  condition 
were  constant,  the  amoimt  of  water  used  depended  to  a 
large  extent  upon  the  shape  and  absorption  of  the 
aggregates. 

We  may  assume  first,  that,  other  factors  remaining 
the  same,  the  amoimt  of  mixing  water  or  the  water- 
cement  ratio  used  would  be  the  ca\ise  of  this  difl'erence. 
Comi)aring  the  siliceous  gravel  aggregate  No.  64  with 
a  water-cement  ratio  of  0.85  and  an  absorption  of  0.50 
per  cent  with  the  siliceous  limestone  aggregate  No.  46 
with  a  water-cement  ratio  of  0.86  and  an  absorption  of 
0.04  per  cent,  we  would  expect  the  siliceous  gravel  to 
absorb  a  considerable  amount  of  water,  while  the  sili- 
ceous limestone  would  not,  thereby  lowering  the  net 
water-cement  ratio  in  the  case  of  the  siliceous  gravel. 
Under  these  circumstances  the  siliceous  gravel  should 
give  the  higher  flexural  strength,  but  on  the  contrary 
the  siliceous  limestone  gave  a  strength  27  per  cent 
higher  than  the  siliceous  gravel.  Following  the  same 
line  of  thought,  the  siliceous  gravel  (No.  64)  should  give 
higher  strengths  than  a  number  of  the  other  materials, 
but  reference  to  the  data  will  show  that  this  is  not  the 
case.  Comparing  other  aggregates  on  the  same  basis 
will  show  that  in  so  far  as  this  investigation  is  con- 
cerned the  water-cement  ratio  is  not  the  only  factor 
which  controls  the  strength. 
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AGGREGATE    NUMBER  AND  TYPE 

-Average   Strencth   Tests   for  All   Mixes 
AND  All  Gradings 


Considering  next  the  angularity  of  the  particles  ot 
the  coarse  aggregate,  we  see  from  Table  2  that  the 
siliceous  limestone  and  cherty  limestone  aggregates  in 
the  high  group  designated  as  Nos.  46  and  62,  consisted 
entirely  of  crushed  particles,  while  the  limestone  gravel 
designated  as  No.  66  had  from  33  to  39  per  cent 
crushed  and  No.  67,  a  hmestone  gravel,  had  from  67 
to  92  per  cent,  depending  upon  the  particular  gradation 
considered.  The  two  limestone  gravels  differ  from  the 
two  limestones  mentioned  first  in  that  they  are  crushed 
gravels  and  have  some  surfaces  rounded,  while  the  lime- 
stones are  100  per  cent  crushed.  In  the  low  group, 
the  siliceous  gravels,  Nos.  44  and  64  both  had  a  very 
low  percentage  of  crushed  material,  although  the  sili- 
ceous gravel.  No.  65,  also  of  the  low  group,  had  a 
greater  percentage  than  the  limestone  gravel.  No.  66, 
in  the  high  group.  The  trap,  siliceous  limestone, 
and  granite  (Nos.  40,  46,  and  60),  all  had  100  per  cent 
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aggregate  number  and  type 
Figure  4. — Variatio.\  in  Stre.ngth  of  Each  Aggreg.\tk 
FROM  THE  General  Average  for  All  Aggregates  Ex- 
cept Slag 

CTUshed  matei'ial,   hut  this  siliceous  limestone  showed 
a  strength  about  13  per  cent  higher  tluin  the  other  two. 

MINERAL  COMPOSITION  OF  AGGREGATE  FOUND  TO  BE  IMPORTANT 

Since  these  facts  do  not  explain  the  strength  varia- 
tions described  let  us  examine  the  physical  charac- 
teristics of  the  coarse  aggregates  still  further.  Taking 
first  the  high  group,  we  see  from  Table  3  that  No.  46 
is  a  siliceous  limestone.  No.  62  is  a  cherly  limesi^one. 
No.  66  is  a  cherty  dolomitic  crushed  gravel,  and  No.  67 
is  a  crushed  limestone  gravel  with  some  chert.  Two 
of  these  materials  are  crushed  stones,  one  is  a  cruslied 
gravel  with  about  one-third  crushed  pieces,  and  the 
fourth  is  a  gravel  with  a])Out  three-fourths  crushed 
pieces.  All  of  these  materials  are  from  diffei'ont 
sources,  two  of  them  falling  into  the  general  chiss  of 
crushed  stone  aggregates  and  two  into  the  general  class 
of  gravel  aggregates.  From  a  mineralogical  stand- 
pcjint,  however,  they  are  practically  the  same,  all  four 
being  essentially  calcareous. 

C^onsidering  (he  low  group,  we  find  Nos.  44  and  65 
are  essentially  quartz  gravels,  while  No.  64  is  a  gravel 
composed  mostly  of  gneiss  and  quartz.  No.  63  is  an 
entirely  difrerenl  material,  being  a  soft  argillaceous 
limestone.  This  particular  material  was  of  two  vai'i- 
eties  and  varied  considerably  throughout  the  sei'ies. 
The  quartz  gravels,  Nos.  50  and  68,  may  be  placed  in 
the  same  mineral  group  with  Nos.  44  and  ()5,  but  they 
show  a  considerably  higher  floxural  strength  and  \yere 
placed  in  the  intermediate  strength  group.  Since 
in  the  material  found  in  any  one  of  these  aggregates 
weathering  may  have  progressed  farther  than  in  similar 
material  in  another,  we  might  expect  a  difference  in 
siructui-al  soundness  which  would  affect  the  ilexural 
strength. 

Of  the  aggregate's  in  the  intei-mediate  group,  .\o.  40 
is  a  very  hard  and  heavy  trap  rock;    No.  60  is  a  sound 
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granite;  No.  61  is  a  very  soft  sandstone,  practically 
every  piece  of  which  fractured  in  the  flexure  tests; 
No.  68  is  a  material  somewhat  similar  to  No.  50,  but 
from  an  entirely  different  source;  and  No.  72  is  a  shell 
limestone  containing  many  soft  pieces  but  which  gave 
much  higher  strength  than  any  other  aggregate  listed 
in  the  intermediate  group. 

Considering  all  factors,  tlie  tests  clearly  indicate  that 
tlie  mineral  composition  of  the  coarse  aggregate  is  of 
prime  importance  and  must  be  considered  along  with 
other  factors  when  tlie  question  of  resistance  to  bending 
arises. 

Referring  again  to  Figure  3  and  Table  5,  and  exam- 
ining the  tensile  strength  values,  we  find  a  difference  of 
34  per  cent  between  the  highest  and  lowest  results. 
In  this  particular  case  the  shell  limestone  aggregate 
No.  72  shows  the  highest  value,  with  the  limestone 
gravel  aggregates  Nos.  66  and  67  only  slightly  lower. 
It  will  be  remembered  that  the  latter  two  aggregates 
showed  very  high  strength  in  the  flexure  tests.  The 
siliceous  limestone,  cherty  limestone,  sandstone  and 
argillaceous  limestone  (Nos.  46,  62,  61,  and  63)  also 
show  high  tensile  strength.  In  fact,  the  difference 
among  eight  aggregates,  beginning  with  No.  68  at  210 
pounds  per  scpiare  inch  and  ending  with  No.  63  at  240 
pounds  per  square  inch  is  very  slight.  However,  the 
values  are  rather  small,  which  makes  the  percentage 
variations  large.  There  is  a  distinctive  low  group 
composed  of  three  siliceous  gravels  (Nos.  64,  44  and 
65),  the  same  aggregates  showing  low  flexural  strength. 
It  is  readily  apparent  that  the  aggregates  do  not  ar- 
range themselves  in  exactly  the  same  order  in  tensile 
strength  that  they  do  in  flexure,  the  main  difl"erence 
occurring  in  the  soft  sandstone  and  limestone  aggre- 
gates, Nos.  61,  63  and  72,  which  show  a  higher  relative 
strength  with  respect  to  the  other  aggregates  in  tension 
than  in  flexure. 

In  the  compressive  tests  also  shown  in  Figure  3  and 
Table  5,  we  see  that  with  the  exception  of  the  sandstone 
and  two  limestone  gravels  Nos.  61,  66  and  67,  the 
average  crushing  strength  runs  fairly  close  to  3,000 
pounds  per  square  inch  for  all  aggregates.  Comparing 
the  compression  curve  with  that  for  flexure  and  tension 
shows  that  the  two  limestone  gravel  aggregates  Nos.  66 
and  67  are  outstandingly  high  for  all  three  types  of 
test,  while  three  of  the  siUceous  gravels  Nos.  44,  64, 
and  65  are  low  in  all  cases.  For  the  balance  of  the 
materials,  however,  there  appears  to  be  no  consistent 
relation  between  compression  and  either  modulus  of 
rupture  or  direct  tension.  These  values  in  general 
show  the  fallacy  of  attempting  to  use  direct  ratios 
between  compression,  tension  and  flexure  in  a  general 
way,  and  without  taking  into  account  the  particular 
material  at  hand. 

Proceeding  now  to  Figure  5,  wo  shall  examine  the 
strength  values  for  each  mix,  individually  and  collec- 
tively. These  data,  as  well  as  the  corresponding  water- 
cement  ratios  and  cement  factors  for  each  mix,  are 
given  in  detail  in  Table  6. 

In  Figure  5,  the  three  slag  aggregates,  Nos.  69,  70, 
and  71,  are  included  for  the  1:1.6:3  and  1:2:4  mixes. 
It  will  be  observed  that  each  of  the  three  slags  shows 
relatively  high  vahies  for  modulus  of  rupture  for  the 
1 : 1 .6:3  mix,  but  that  the  corresponding  values  for  1 :2  :4 
mix  are  somewhat  low  as  compared  to  the  calcareous 
materials  comprising  the  high-strength  group.  Ex- 
amining the  four  modulus  of  rupture  curves  collectively 
we  see  that  in  general  they  are  parallel,  the  greatest 
discrepancy  being  sandstone  aggregate  No.  61,  which 


shows  quite  erratic  results.  It  is  also  interesting  to 
note  from  the  graphs  that  the  curves  for  the  1:1.6:3 
and  1:1.6:4  mixes  dip  down  in  the  case  of  the  argilla- 
ceous limestone  aggregate  No.  63,  while  for  the  two 


l;  I  .  6  .  3  MIX 


-I-     I:  2-  4  MIX 


-O    II     6     4  MIX 


-D     I  :  2    :  4i    MIX 


MODULUS  OF  RUPTURE 


700 


aggregate  number  and  type 

Figure   5. — Strength    Tests    for    Each    Proportion, 
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leaner  mixes  they  go  up.  For  the  trap  aggregate  No. 
40,  the  curves  dip  down  for  the  leaner  mixes,  while 
they  go  up  for  the  richer  ones.  Considering  the  two 
materials.  No.  40  is  a  very  hard  trap  rock  which  we 
would  naturally  expect  to  show  to  better  advantage  in 
a  rich  mix,  while  No.  63,  being  a  softer  material,  the 
opposite  is  of  course  true.  Note  also  the  relatively 
high  strengths  for  the  granite  aggregate  No.  GO  in  the 
two  richer  mixes. 

Table  6. — Auerage  icater-cement  ratio,  cement  facior,  and  i-caidis 
of  strength  iests_{incliides  four  gradings)  of  all  mixes  ' 

1:1.6:3  MIX 


Aggiesate  No. 


40  (trap) 

44  (siliceous  gravel) 

46  (siliceous  limestone) 

50  (gravel) 

60  (granite) -._ 

61  (sandstone) 

62  (cherty  limestone) 

63  (argillaceous  limestone)  . 

64  (gravel) 

65  (gravel) _._ 

66  (gravel) _ 

67  (gravel  limestone) 

68  (gravel) _.. 

69  (slag) 

70  (slag) 

71  (slag)... 

72  (shell  limestone) 


40  (trap)... 

44  (siliceous  gravel) 

46  (siliceous  limestone) 

50  (siliceous  gravel) 

60  (granite) 

61  (sandstone) 

62  (cherty  limestone) 

63  (argillaceous  limestone). 

64  (siliceous  gravel) 

65  (siliceous  gravel) 

66  (limestone  gravel) 

67  (limestone  gravel) 

68  (siliceous  gravel) 

72  (shelUimestone) 


40  (trap) 

44  (siliceous  gravel) 

46  (siliceous  limestone) 

50  (siliceous  gravel) 

60  (granite) 

61  (sandstone) 

62  (cherty  limestone) 

63  (argillaceous  limestone). 

64  (siliceous  gravel) 

65  (siliceaus  gravel)... 

66  (limestone  gravel) 

67  (limestone  gravel). 

68  (siJiceous  gravel) 

69  (slag) 

70  (slag) 

71  (slag) 

72  (shell  limestone) 


W 
C 


0.75 
.74 

•" 

./5  1 

.76  I 

.93 

.76 

.87 

.75 

.74 


Bags  of 

1 

cement 

Modulus 

per  cubic 

of  rupture; 

yard 

Lbs 

.  per 

sq. 

in. 

7.08 

595 

(1.  49 

530 

n.  97 

6.50 

B.  59 

585 

6.80 

590 

G.  71 

560 

6.90 

655 

0.92 

545 

fi.  57 

535 

fi.  57 

550 

(i.  68 

6.50 

6.69 

650 

B.  57 

585 

7.17 

640 

7.08 

640 

7.11 

625 

e.94 

605 

Tensile 


Compres- 
sive 
1  strength 


Lbs.  per 
sq.  in. 
260 
235 
275 
260 
275 
280 
285 
275 
225 
235 
290 
310 
2C0 
340 
335 
310 
315 


1:1.6:4  MIX 


1:2:4  MIX 


1:2:412  MIX 


40  (trap) 0 

44  (siliceous  gravel) 

46  (siliceous  limestone) 

50  (siliceous  gravel) 

60  (granite) 

61  (sandstone) 1 

62  (cherty  limestone).. 

63  (argillaceous  limestone) 1 

64  (siliceous  gravel) 

65  (siliceous  gravel) 

66  (limestone  gravel) 

67  (limestone  gravel) 

68  (siliceous  gravel) 

72  (shell  limestone).. I 


0.81 

6.16 

555 

210 

.79 

5.54 

495 

195 

.81 

6.08 

605 

230 

.80 

5.  69 

545 

210 

.83 

5.92 

550 

225 

1.04 

5.81 

560 

235 

.83 

5.97 

615 

235 

.98 

5.98 

500 

240 

.80 

5.68 

475 

185 

.78 

5.69 

515 

195 

.81 

5.75 

610 

255 

.85 

5.74 

605 

250 

.80 

5.65 

640 

205 

.92 

6.06 

570 

250 

0.91 

5:74 

480 

205 

.90 

5.22 

440 

190 

.92 

5.64 

550 

225 

.91 

5.31 

500 

205 

.94 

5.51 

480 

205 

1.15 

.5.40 

520 

225 

.95 

5.56 

555 

220 

1.07 

5.  58 

480 

230 

.91 

5.30 

435 

190 

.88 

5.  29 

460 

185 

.92 

5.36 

550 

235 

.95 

5.33 

545 

215 

.91 

5.27 

485 

190 

1.09 

5.71 

510 

225 

1.02 

5.70 

520 

250 

1.00 

5.  72 

510 

225 

1.03 

5.57 

515 

235 

5.36 

460 

195 

4.86 

430 

lfi5 

5.27 

555 

205 

4.94 

485 

190 

5.12 

470 

190 

5.01 

480 

195 

5.21 

530 

205 

5.21 

460 

215 

4.94 

420 

160 

4.99 

450 

170 

4.98 

535 

215 

4.97 

520 

220 

4.94 

480 

175 

5.24 

505 

215 

Lbs.  per 
sq.  in. 
3,390 
3,320 
3, 450 
3,  520 

3,  650 

4,  150 
3,  610 
3.  590 
3,420 
3,320 
3,  850 
4,010 
3.460 
3,570 
3, 850 
3,78C 
3,810 


2,980 
3,070 
3,000 
3, 150 
3,080 
3,  650 
3,000 
3,130 
3,020 
3,010 
3,460 
3,430 
3,030 
3,  250 


2,  .590 
2,630 
2,6S0 
2,680 
2,740 
3,140 
2,620 
2,940 
2,  650 
2,660 
3,100 
2,  930 
2,600 
2,540 
2,  790 
2,  660 
2,850 


2,430 
2,430 
2,650 
2,  570 
2,  590 
2,  930 
2,  520 
2,880 
2,  580 
2,  450 
2,820 
2,810 
2,590 
2,660 


'  Flexure  and  tension  specimens  broken  at  29  days,  compression  specimens  broken 
at  33  days. 


RESULTS   INDICATE    OESlRAniLITY    OF    DETERMINING  CONCRETE- 
MAKING    PKOPICKTIES   OF   AGGREGATES 

The  relation  befweeu  flexural  strength  and  i)ro- 
portions  as  afl'ecled  by  cither  changes  in  the  sand- 
cement  ratio  or  the  amount  of  coarse  aggregate  may 
also  be  studied  b}'^  reference  to  Figure  5.  For  instance, 
using  mix  No.  3,  1:2:4,  as  the  starting  point,  we  find 
that  inci-easing  the  amount  of  coarse  aggregate  to  ija 
parts  only  slightly  lowers  the  strength,  the  average 
difference  in  modulus  of  rupture  being  onh^  15  ])oun(is 
per  square  inch.  On  the  other  hand,  decreasing  the 
sand  to  l.G  parts  (mix  No.  2)  and  holding  the  coarse 
aggregate  constant  has  a  marked  effect,  the  average 
increase  for  all  aggregates  being  50  pounds  per  square 
inch.  Comparing  the  1:1.6:3  and  1:1.6:4  mixes  (Nos. 
1  and  2)  likewise  shows  that  decreasing  the  coarse 
aggregate  one  part-,  with  the  sand  held  constant,  still 
further  increases  the  strength  about  40  pounds  per 
square  inch.  It  is  interesting  to  note,  however,  that 
the  maximum  variations  in  strength  for  a  given  mix 
due  to  type  of  aggregate  is  as  great  as  the  average 
difi'erence  in  strength  between  the  richest  and  leanest 
mi.xes  used.  The  siliceous  limestone  aggregate  No.  46, 
for  instance,  used  in  a  1:2 :4K  mix,  develops  a  some- 
what higher  strength  than  siliceous  gravel  aggregate 
No.  64  in  the  1:1.6:3  mix.  Reference  to  Table  6 
shows  that  in  the  first  case  5.27  bags  of  cement  were 
used  per  cubic  yard  of  concrete,  whereas  in  the  second 
case  6.57  bags  were  required.  The  economic  pos- 
sibilities resulting  from  a  study  of  the  concrete  making 
properties  of  aggregates  should  be  obvious  to  aii}^  one 
studying  these  data. 

Referring  now  to  the  tensile  strength  curves  in 
Figure  5,  we  note  that  the  three  slag  aggregates  are 
high  in  strength  for  the  1:1.6:3  mix  while  in  the  1:2:4 
mix,  slag  No.  70  shows  the  highest  strength  of  all, 
with  the  other  two  slags,  Nos.  69  and  71,  in  the  high 
group.  One  noticeable  difference  between  these  curves 
and  those  for  the  flexure  tests  is  that  the  greatest 
difference  in  tensile  strength  was  found  between  the 
1:1.6:3  and  1:1.6:4  mixes  (Nos.  1  and  2)  instead  of 
between  the  1:2:4  and  1:2:4}^  mi.xes  (Nos.  2  and  3). 
This  is  an  indication  that  the  tensile  and  flexural 
strength  does  not  increase  in  exactly  the  same  ratio 
as  the  mix  is  changed.  This  will  be  discussed  more 
fully  later. 

In  the  compression  curves  in  Figure  5,  two  of  the 
slags,  Nos.  70  and  71,  are  fairly  high  in  strength  in 
the  1:1.6:3  mix,  while  the  other  slag.  No.  69,  is  slightly 
below  the  average.  In  the  1:2:4  mi.x,  however,  slag 
No.  70  is  about  the  average,  while  Nos.  69  and  71  are 
below  the  average,  showing  a  slight  falling  off  in 
strength  for  the  slags  in  the  leaner  mix.  In  all  mi.xes, 
the  sandstone  No.  61  is  higher  than  any  other  aggre- 
gate, while  the  limestone  gravels,  Nos.  66  and  67,  also 
show  consistently  high  values.  All  four  curves  are 
practically  parallel.  In  general,  there  is  about  the 
same  dift'erence  in  strength  between  the  1:1.6:3  and 
1:1.6:4  mi.xes  as  between  the  1:1.6:4  and  1:2:4  mix, 
while  the  1 :2:4,'2  mix  was  close  to  the  1 :2:4  mix,  as  was 
the  case  in  tension  and  flexure. 

Figure  6  sliows  the  percentage  variations  from  the 
average  in  tension,  flexure  and  compression  for  each 
aggregate  for  each  mix. 

Figure  7  and  Table  7  give  the  strength  values  for 
each  individual  grading,  each  value  being  the  average 
for  the  four  mixes.  The  modulus  of  rupture  curves 
show  no  consistent  difi'erence  in  strength  for  variations 
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Figure  6. — Variation.s  of  EIach  Aggregate  from  the 
General  Average  for  Each  Mix 

in  grading,  although  it  is  noticed  that  for  the  softer 
aggregates,  Nos.  61,  63,  and  72  (sandstone,  argillaceous 
limestone,  and  shell  limestone),  grading  No.  4  gave  the 
lowest  values.  In  most  cases,  gradings  No.  1  or  No.  2 
were  high  in  strength,  while  No.  3  or  No.  4  were  low, 
the  most  noticeable  exception  being  limestone  gravel 
aggregate  No.  66,  which  gave  a  high  value  for  grading 
No.  4,  and  low  value  for  grading  No.  2.  In  most  cases, 
as  for  aggregates  Nos.  44,  65,  67,  and  68,  the  differ- 
ence for  all  four  gradings  was  so  slight  as  to  indicate 
that  within  the  ranges  used  in  this  investigation  the 
grading  of  the  coarse  aggregate  has  little  direct  effect 
upon  ffexural  strength. 

In  the  tensile-strength  tests,  grading  No.  1  resulted 
in  low  values  in  all  but  two  cases,  while  grading  No.  4 
usually  gave  the  highest  values.  One  possible  explana- 
tion for  this  is  the  relation  between  the  size  of  the 
cross  section  of  the  specimen  and  the  maximum  size 
of  aggregate  used.  In  grading  No.  1,  60  per  cent  of 
the  material  was  retained  on  the  l^-inch  screen.  The 
tension  specimens  had  approximately  6-inch  circular 
cross  sections  and  it  is  believed  that  a  larger  cross 
section  would  probably  have  given  higher  strengths 
for  the  coarser  gradings.  One  of  the  conclusions 
reached  by  Gonnerman  and  Shuman  in  their  paper. 
Compression,  Flexm-al  and  Tension  Tests  of  Plain 
Concrete,^  was  that  the  size  of  specimen  did  not  affect 
the  tensile  strength.  However,  it  must  be  remembered 
that  in  their  work  the  maximum  size  of  aggregate  was 
\)'i  inches.  The  fact  that  grading  No.  4,  which  had 
nc^  particles  greater  than  i)^-inch,  gave  the  highest 
values  in  tension  but  did  not  do  so  in  flexure  or  com- 
pression is   an  indication   that  variations  in  grading 

!  Proceedings  of  A.  S.  T.  M.,  vol.  28,  pt.  2.  p.  .551. 


Table  7. — W  aier-cemerd  ratio,  cement  factor  and  results  of  strength 
tests  {on  four  mixes) ^ 

GRADING  NO.  1 


Aggregate  No. 


40  (trap) 

44  (siliceous  gravel) 

46  (siliceous  limestone) .., 
riO  (siliceous  gravel) 

60  (granite).- __ 

61  (sandstone) 

62  (ciierty  limestone) 

G'i  (argillaceous  limestone) 

64  (siliceous  gravel) 

65  (siliceous  gravel) 

66  (limestone  gravel) 

67  (limestone  gravel) 

68  (siliceous  gravel) 

72  (shell  limestone) 


w 
c 

Bags  of 

cement 

per  cui)ic 

yard 

Modulus 
of  rup- 
ture 

Lbs.  per 

sq.  inch 

0.82 

6.13 

515 

.80 

5.58 

475 

.82 

6.04 

595 

.82 

5.71 

540 

.83 

5.93 

535 

1.03 

5.82 

535 

.83 

0.00 

595 

.96 

6.02 

520 

.82 

5.71 

475 

.8! 

5.68 

490 

.83 

5.  75 

590 

.85 

5.76 

5S5 

.82 

5.69 

520 

.90 

6.05 

565 

Tensile 
strength 


Lbs.  per 
sq.  inch 
210 
180 
210 
195 
210 
240 
230 
240 
180 
175 
240 
225 
185 
240 


GRADING  NO.  2 


40  (trap) 

44  (siliceous  gravel) 

46  (siliceous  limestone) ._. 
50  (siliceous  gravel) 

60  (granite) 

61  (sandstone) 

62  (cherty  limestone) 

63  (argillaceous  limestone) 

64  (siliceous  gravel) 

65  (siliceous  gravel) 

66  (limestone  gravel) 

67  (limestone  gravel) 

68  (siliceous  gravel) 

72  (shell  limestone) 


0.84 

6.14 

540 

220 

.82 

5.54 

480 

200 

.83 

6.04 

595 

235 

.84 

5.68 

525 

215 

.85 

.5.86 

540 

225 

1.06 

5.79 

535 

235 

.85 

5.90 

595 

240 

.98 

5.98 

505 

240 

.84 

5.64 

460 

195 

.82 

5.62 

505 

200 

.84 

5.69 

565 

245 

.87 

5.68 

585 

250 

.83 

5.61 

520 

205 

.93 

5.96 

655 

260 

GRADING  NO. 


40  (trap) 

44  (siliceous  gravel) 

46  (siliceous  limestone) 

50  (siliceous  gravel) 

60  (granite) 

6 1  (sandstone) 

62  (cherty  limestone) 

63  (argillaceous  limestone) 

64  (siliceous  gravel) 

65  (siliceous  gravel) 

66  (limestone  gravel) 

67  (limestone  gravel) 

68  (siliceous  gravel) 

72  (shell  limestone) 


0.87 

6.04 

520 

215 

.85 

5.  48 

470 

200 

.86 

5.98 

575 

240 

.86 

5.58 

615 

220 

.SO 

5.81 

500 

220 

1.10 

5.  69 

540 

230 

.89 

5.87 

575 

236  , 

1.01 

5.92 

490 

246  ' 

.85 

5.62 

470 

185 

.84 

5.61 

480 

195 

.88 

5.65 

575 

255 

.91 

5.64 

575 

260 

.85 

5.56 

530 

215 

.98 

5.  93 

550 

260 

GRADING  NO.  4 


40  (trap) 

44  (siliceous  gravel) 

46  (siliceous  limestone) 

50  (siliceous  gravel) 

60  (granite) 

61  (sandstone). 

02  (cherty  limestone) 

63  (argillaceous  limestone) 

64  (siliceous  gravel) 

65  (siliceous  gravel) 

66  (limestone  gravel) 

67  (limestone  gravel) 

68  (siliceous  gravel) 

72  (shell  limestone) 


0.80 

0.03 

515 

226 

.87 

5.51 

476 

210 

.90 

6.89 

600 

250 

.89 

5.57 

535 

235 

.93 

5.76 

515 

240 

1.14 

,5.63 

506 

235 

.94 

5.86 

585 

240 

1.07 

5.76 

475 

235 

.88 

5,  53 

455 

195 

.86 

6.64 

495 

216 

.88 

6.  67 

620 

260 

.63 

5.66 

570 

265 

.87 

6.56 

525 

225 

1.02 

5.88 

530 

256 

I  Flexure  and  tension  specimens  broken  at  29  days,  compression  specimens  broken 
at  33  days. 

possibly  affect  the  tensile  strength  to  a  greater  extent 
than  they  affect  the  flexural  or  compressive  strength. 

NO  RELATION  FOUND  BETWEEN  RESULTS  OF  ABRASION  TEST  AND 
STRENGTH    OF    CONCRETE 

On  examination  of  the  compressive-strength  curves 
in  Figure  7  we  note  just  the  opposite  effect;  that  is, 
grading  No.  4  shows  low  values  generally  while  grading 
No.  2  is  high  in  strength.  Taking  into  account  the 
fact  that  the  compression  tests  were  made  on  the  broken 
tension  pieces,  the  results  give  indications  that,  from 
the  standpoint  of  strength,  changing  the  grading  may 
produce  opposite  results  in  different  types  of  tests. 
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A  more  detailed  study  of  the  strength  vahies  may  be 
made  by  roferrint!;  to  Table  8.  In  this  table  the  water- 
cement  ratios,  cement  factors,  and  the  results  of  the 
three  types  of  strength  tests  arc  shown  for  each  grading 
and  each  mix  separately. 

The  results  of  abrasion  tests  on  each  of  the  coarse 
as;ere2;ates  are  given  in  Table  2,  together  with  a  nota- 
tion  in  each  case,  mdicatmg  the  particular  type  oi  abra- 
sion test  made.     In  Figure  8  these  values  have  been 
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Figure  7. — Results  of  Strength  Tests  on  Each  Grad- 
iNG.  Average  for  Four  Mixes 


l)lotted  against  the  results  of  the  three  strength  tests, 
for  the  purpose  of  ascertaining  if  any  relation  exists. 
It  may  be  concluded  from  this  chart  that,  within  the 
range  of  quality  here  considei'cd,  no  relation  exists 
between  the  quality  of  the  coarse  aggregate  as  measured 
by  this  test  and  the  strength  of  the  conci'cte. 

KKLATION    lilCTWKKN    TYI'i;   OK    ACGRJCGATK   AND    YIKLI)   -STl  DIKI) 

The  amount  of  (■(Mneut  required  to  produce  a  cubic 
yard  of  concrete  for  each  of  the  aggregates  and  propor- 
tions studied  is  ])lotte(l  in  Figure  9.  In  this  graph 
the  aggregates  arc  plotted  in  the  order  of  ascending 
ilexural  strength  as  in  Figure  3.  The  effect  of  shape 
of  coarse  aggregate  fragment  on  yield  is  very  apparent. 

It  will  be  noted  that  the  gravel  aggregates  Nos.  ()4, 
44,  50,  (J5,  08,  67,  and  (Hi,  all  of  which  contain  rounded 
fragments,  show  consistently  higher  yields  or  lower 
cement  factors  than  any  of  the  aggregates  consisting 
of  crushed  fragments.  This  of  course  is  mei'ely  the 
effect  of  variations  in  void  content  due  to  shape  of 
particles  as  is  very  clearly  brought  out  by  reference 
to  Figure  10,  where  the  relation  between  cement  factor 
and  percentage  of  voids  for  each  grading  is  shown.  It 
will  be  noted  that  there  is  a  maximum  variation  of  12 
per  cent  in  voids  for  14  of  the  17  types  comprised  in 
this  study.  This  occurs  for  grading  No.  3  and  caused 
a  maximum  variation  in  the  cement  factor  of  0.56  bags 
of  cement.  (See  Table  7.)  These  values  illustrate 
the  effect  of  shape  of  aggregate  fragment  on  yield  when 
the  proportioning  is  done  by  the  usual  volumetric 
method. 

The  effect  of  grading  of  coarse  aggregate  on  yield 
for  each  type  of  aggregate  may  be  stutlicd  by  reference 
to  Table  7.  It  will  be  observed  that  grading  No.  1, 
in  general,  recjuires  somewhat  more  cement  than  the 
others.  However,  the  maximum  variation  in  cement 
requirement  due  to  gradation,  within  the  limits  iised 
in  this  investigation  is  much  less  than  the  variation 
due  to  type  of  aggregate.  It  must  be  remem])cred  in 
this  connection  that  only  reasonably  uniform  grada- 
tions were  employed.  For  wide  variations  in  grading 
the  differences  in  the  cement  content  would  have  been 
much  greater. 
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Figure  8. — Relation  Between  Strength   of   Concrete 
AND  Percentage  or  Wear  of  Coarse  Aggregate 


80 


PUBLIC    ROADS 


Vol.  10,  No.  4 


Table  S. — Watcr-cemcnt  ratio,  cement  factor,  and  results  of  strength     Table  8. — Water-cement  ratio,  cement  factor,  and  results  of  strength 

tests  ^  tests — Continued 


1:I.G:3  MIX.  GRADING  NO.  1 


1:1.0:4  MIX,  GRADING  NO.  1 


Aggregate  No. 


■JO  (trap) 

44  (siliceous  gravel) 

46  (siliceous  limestone) .__ 

50  (siliceous  gravel) 

(iO  (granite) 

(il  (sandstone) 

62  (eherty  limestone) 

63  (argillaceous  limestone) 

64  (siliceous  gravel) 

65  (siliceous  gravel) 

66  (limestone  gravel) 

67  (limestone  gravel) 

68  (siliceous  gravel) 

69  (slag) 

70(slag)_. 

71  (slag)_ -. 

72  (shell  limestone) 


W 
C 


I   Bags  of 
cement 
j  per  cubic 
I     yard 


7.15 
6.52 
7.00 
6.60 
6.91 
6.82 
6.98 
7.08 
6.65 
6.  57 
6.71 
6.74 
6.68 
7.31 
7.23 
7.21 
7.05 


Modulus 
of  rupture 


Lbs.  per 
sq.  in. 
570 
520 
675 
590 
605 
5.50 
655 
560 
560 
530 
045 
655 
570 
655 
640 
645 
610 


Tensile 
strength 


Lbs.  per 
sq.  in. 
2.55 
210 
245 
230 
260 
270 
280 
255 
205 
220 
265 
285 
230 
310 
305 
280 
305 


1:1.6:3  MIX,  GRADING  NO.  2 


40  (trap) -. 

44  (siliceous  gravel) 

46  (siliceous  limestone) 

50  (siliceous  gravel) 

60  (granite) 

61  (sandstone) 

62  (eherty  limestone) 

63  (argillaceous  limestone) 

64  (siliceous  gravel) _.. 

05  (s-liceous  gravel) 

66  (limestone  gravel) 

67  (limestone  gravel) 

68  (siliceous  grave  ) 

69  (slag) 

70  (slag) 

71  (slag) 

72  (shell  limestone). 


7.15 
0.50 
7.03 
6.65 
6.80 
6.74 
6.90 
6.  93 
0.59 
6.59 
6.68 
6.70 
6.59 
7.12 
7.15 
7.10 
6.93 


615 
540 
645 
580 
620 
540 
680 
545 
520 
560 
625 
670 
610 
635 
650 
615 
630 


1:1.6:3  MIX,  GRADING  NO.  3 


40  (trap) I      0. 

44  (siliceous  gravel) j 

43  (siliceous  limestone).- ..' 

50  (siliceous  gravel) i 

60  (granite) 

61  (sandstone)-- .- i 

62  (eherty  limestone) : 

63  (argillaceous  limestone)--- ' 

64  (siliceous  gravel) ' 

65  (siliceous  gravel) ' 

66  (limestone  gravel) I 

67  (limestone  gravel) 

68  (silicaous  gravel) 

69  (slag) i 

70  (slag) -..-i        . 

71  (slag) I 

72  (shell  limestone) I 


76 


6.9S 
6.45 
6.97 
6.56 
6.76 
6.69 
6.85 
6.93 
6.54 
6.53 
6.62 
6.65 
6.49 
7.15 
7.03 
7.0") 
6.93 


610 
530 
640 
593 
570 
589 
625 
545 
530 
550 
635 
655 
595 
645 
630 
630 
615 


1:1.6:3  MIX,  GRADING  NO.  4 


40  (trap) '      0. 

44  (siliceous  gravel) ' 

46  (siliceous  limestone) ■-. 

50  (siliceous  gravel) 

60  (granite) 

61  (sandstone) 

62  (eherty  limestone) i 

63  (argillaceous  limestone) | 

64  (siliceous  gravel) , 

65  (siliceous  gravel) 

66  (limestone  gravel) , 

67  (limestone  gravel) ' 

68  (siliceous  gravel) 

69  (slag) 

70  (slag) : 

71  (slag) 

72  (shell  limestone) ' 


78 

7.03 

76 

6.50  i 

7.S 

6.88  1 

77 

0.53  ! 

.SI 

6.74 

95 

6.57 

SO 

6.87 

91 

6.74 

77 

6.51 

76 

6.59 

77 

6.70 

HI 

6.6S 

in 

6.50 

91 

7.09 

86 

6.91 

S5 

7.05 

88 

6.83 

270 
250 
275 
250 
280 
270 
290 
275 
2.30 
2,50 
285 
310 
255 
345 
330 
325 
320 


255 
235 
235 
2S5 
275 
275 
275 
235 
223 
210 
303 
315 
2tj5 
355 
345 
310 
310 


590 

235 

540 

250 

650 

300 

570 

275 

555 

280 

570 

290 

655 

300 

525 

2S5 

525 

235 

555 

255 

700 

315 

615 

330 

570 

235 

635 

345 

605 

355 

615 

315 

575 

330 

Com- 
pressive 
strength 


Lbs.  per 
sq.  in. 
3,280 
3.  160 
3,  ISO 
3.  460 
3,750 
3,  990 
3.  710 
3,  050 
3.  390 
3.370 
3.910 
3.  900 
3.340 
3.440 
3.  930 
3,040 
3,950 


-Aggregate  No. 


3,460 
3,370 
3,  630 
3,540 
3,640 
4,150 
3,700 
3,  640 
3,390 
3,170 
3,700 
4,120 
3,430 
3.490 
3,860 
3.  970 
3,840 


3,  503 
3,350 
3,480 
3,  570 
3,710 
4,270 
3,530 
3,610 
3,390 
3.410 
3,830 
4,110 
3,520 
3,710 
3,8S0 
3,820 
3,780 


3,330 
3,  410 
3.510 
3,520 
3,480 
4,190 
3.489 
3,470 
3,520 
3,340 
3,920 
3,910 
3,540 
3,  630 
3,730 
3,680 
3,650 


1  Flexure  and  tension  specimens  broken  at  29  days,  compression  specimens  broken 
at  33  days. 

In  the  construction  of  concrete  pavements  the  cost 
of  the  materials  is  influenced  to  a  large  extent  by  the 
amount  of  cement  required  to  produce  a  cubic  yard  of 
concrete.  It  has  just  been  shown  that  the  cement 
factor  varied  considei-ably  with  the  different  aggregates 


40  (trap) 

•14  (siliceous  gravel) 

40  (siliceous  1  mestone)  --- 

,50  (siliceous  gravel) 

GO  (granite) 

61  (sandstone) 

62  (eherty  limestone) 

63  (argillaceous  limestone) 

64  (siliceous  gravel) 

65  (siliceous  grave  ) 

66  (limestone  gravel) 

67  (limestone  gravel) 

68  (siliceous  gravel) 

72  (shell  limestone) 


W 
C 


0.78 

.75 
.78 
.77 
.78 
.99 
.77 
.92 
.77 
.75 
.77 
.81 
.77 


Bags  of 

cement 

per  cubic 

yard 


6.21 
5.58 
6.13 
5.80 
6.01 
5.89 
e.04 
6.10 
5.77 
5.73 
5.81 
5.83 
5.72 
6.14 


Modulus 

Tensile 

of  rupture 

strength 

Lbs.  per 

Lbs 

per 

sq.  m. 

sq. 

in. 

570 

200 

510 

185 

620 

230 

570 

190 

530 

215 

565 

240 

625 

225 

525 

2,50 

485 

1X0 

515 

165 

635 

255 

610 

225 

540 

175 

590 

235 

1:1.6:4  MIX,  GRADING  NO.  2 


40  (trap) 

44  (siliceous  gravel) -. 

46  (siliceous  limestone). .. 

50  (siliceous  gravel) 

00  (granite) 

61  (sandstone) 

62  (eherty  limestone) 

63  (argillaceous  limestone) 

64  (siliceous  gravel) 

65  (siliceous  gravel) 

66  (limestone  gravel) 

67  (limestone  gravel) 

68  (siliceous  gravel) 

72  (shell  limestone) 


0.79 

.76 
.79 
.79 
.82 
LOl 
.79 
.95 
.78 
.77 
.78 
.83 
.78 


6.23 
5.57 
6.13 
5.77 
5.98 
5.87 
6.01 
6.05 
5.70 
5.67 
5.75 
5.74 
6.66 
6.00 


595 
490 
575 
540 
590 
590 
600 
525 
470 
495 
580 
595 
520 
555 


1:1.6:4  MIX,  GRADING  NO.  3 


40  (trap) I  0.82 

44  (siliceous  gravel) i  .  81 

46  (siliceous  limestone) j  .82 

50  (siliceous  gravel) .81 

00  (granite) .85 

61  (sandstone) I  1.06 

62  (eherty  limestone) '  .84 

63  (argillaceous  limestone) \  .99 

64  (siliceous  gravel) .80 

65  (siliceous  gravel) .  79 

66  (limestone  gravel) 84 

67  (limestone  gravel) .87 

68  (siliceous  gravel) .81 

72  (shell  limestone) 95 


6.14 
5.49 
6.08 
5.61 
5.89 
5.77 
5.95 
5.95 
5.66 
5.05 
5.73 
.5.68 
5.60 
6.08 


525 
485 
580 
510 
520 
555 
625 
485 
485 
515 
590 
600 
540 
585 


1:1.6:4  MIX,  GRADING  NO.  4 


40  (trap) 

44  (siliceous  gravel) 

46  (siliceous  limestone) 

53  (sil  iceous  gravel) 

03  (granite) 

61  (sandstone) 

02  Ccherty  limestone) 

03  (argillaceous  limestone) 

04  (siliceous  gravel) 

05  (siliceous  gravel) 

00  (limestone  gravel) 

67  (limestone  gravel) 

68  (siliceous  gravel) 

72  (shell  limestone) 


0.86 
.82 
.86 
.84 


6.05 
5.52 
5.98 
5.60 
5.80 
5.71 
5.89 
5,80 
5.59 
5.72 
5.71 
5.71 
5.63 
6.01 


535 
495 
635 
565 
555 
520 
615 
475 
465 
540 
640 
615 
565 
555 


1:2:4  MIX,   GRADING   NO.   1 


40  (trap) 

44  (siliceous  gravel) 

46  (siliceous  limestone) 

50  (siliceous  gravel) 

60  (granite) 

61  (sandstone) 

62  (eherty  limestone) 

63  (argillaceous  limestone). 

64  (siliceous  gravel) 

65  (siliceous  gravel) 

06  (limestone  gravel) 

67  (limestone  gravel) 

08  (siliceous  gravel). 

69  (slag) 

70  (slag) 

71  (slag)... 

72  (shell  limestone) 


0.87 

5.76 

475 

.86 

5.30 

455 

.87 

5.72 

560 

.87 

5.42 

510 

.88 

5.62 

495 

1.10 

5.48 

540. 

.89 

5.72 

,545 

1.02 

5.64 

510 

.87 

5.42 

430 

.86 

5.35 

400 

.89 

5.44 

570 

.91 

5.40 

530 

.88 

5.37 

480 

1.04 

.5.68 

490 

.98 

5.77 

500 

.97 

6.75 

500 

.98 

5.71 

520 

225 
205 
230 
215 
230 
250 
235 
240 
195 
200 
265 
245 
200 
265 


195 
185 
220 
210 
210 
240 
250 
240 
175 
215 
250 
275 
220 
250 


210 
210 
240 
225 
250 
225 
226 
235 
195 
205 
260 
260 
220 
255 


205 
160 
205 
190 
185 
230 
220 
235 
185 
165 
225 
190 
165 
210 
230 
220 
210 
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Table  8. — Water-cement  ratio,  cement  factor,  and  rcsulls  oj  strength     Table  8. — Watcr-cou^  r,l  mho.  cement  factor,  and  results  of  gircngth 
tests — Continued  ^c^i.s— Continued 


1:2:4  MIX,   GRADING   NO.   2 


Aggregate  No. 


40  (trap) 

44  (siliceous  gravel) 

46  (siliceous  limestone) 

50  (siliceous  gravel) 

60  (granite) 

61  (sandstone) 

62  (cherty  limestone) 

63  (argillaceous  limestone) 

64  (siliceous  gravel) 

65  (siliceous  gravel) 

66  (limestone  gravel) 

67  (liniestone  gravel) 

68  (siliceous  grave!) 

69  (slag)- 

70  (slag)... 

71  (slag) 

72  (shell  limestone). 


1:2  :4  MIX,  GRADING  NO.  3 


40  (trap) 

44  (siliceous  gravel) -.. 

46  (siliceous  limestone) 

.  50  (siliceous  gravel) 

60  (granite) , 

61  (sandstone) 

62  (cherty  limestone) 

63  (argillaceous  limestone) 

64  (siliceous  gravel) 

65  (siliceous  gravel) 

66  (limestone  gravel) 

67  (limestone  gravel) 

68  (siliceous  gravel). 

69  (slag)  -. 

70  (slag) 

71  (slag) 

72  (shell  limestone) 


1:2:4  MIX,  GRADING  NO.  4 


40  (trap)... 

44  (siliceous  gravtl) 

46  (siliceous  limestone) 

50  (siliceous  eravel) 

60  (granite) , 

61  (sandstone) 

62  (cherty  limestone) 

63  (argillaceous  limestone) 

64  (siliceous  gravel) 

.65  (siliceous  gravel) 

66  (limestone  gravel) 

67  (limestone  gravel) 

68  (siliceous  gravel) 

69  (slag) 

70  (slag)... 

71  (slag) 

72  (shell  limestone).. 


0.96 

.ii 

.t6 

.£5 
1.00 
1.20 
1.  03  ', 
1.13  I 

.95  I 

.91 

.94 
1.00 

.96 
1.15 
1.07 
1.05  ! 
1.09 


1:2:4!.«  MIX,  GRADING  NO.  1 


40  (trap) 

44  (siliceous  gravel) 

43  (siliceous  limestone) 

60  (siliceous  gravel) 

60  (granite) 

fil  (sandstone)... 

62  (cherty  limestone) 

63  (argillaceous  limestone). 

64  (siliceous  gravel) 

65  (siliceous  gravel) 

66  (limestone  gravel) 

67  (limestone  gravel) 

6S  (sihceous  gravel) 

72  (.shell  limestone) 


Bags  of 

w 

cement 

Modulus 

Tensile 

c 

per  cubic 
yard 

of  rupture 

strength 

Lbs.  per 

Lbs.  per 

sq.  in. 

sq.  in. 

0.89 

5.77 

495 

195 

.88 

5.23 

430 

185 

.91 

5.69 

555 

215 

.91 

5.31 

485 

215 

.91 

5.53 

470 

200 

1.14 

5.46 

535 

230 

.93 

5.50 

670 

205 

1.04 

5.62 

485 

236 

.90 

5.30 

446 

195 

.88 

5.30 

490 

195 

.92 

5.35 

635 

220 

.93 

5.34 

675 

205 

.89 

5.20 

480 

195 

1.07 

5.69 

615 

230 

.99 

5.72 

555 

255 

.99 

5.73 

520 

206 

1.00 

5.05 

620 

240 

Com- 
pressive 
strength 


Lbs.  per 
sq.  in. 
2,640 
2,770 
2,710 
2,780 

2,  890 

3,  320 
2,740 
2,  990 
2,660 
2,  690 
3,050 
2,980 
2,750 
2,660 
3,100 
2,700 
2,940 


0.93 

6.72 

476 

205 

.90 

5.16 

436 

1<,5 

.94 

5.62 

540 

235 

.91 

5.26 

480 

195 

.97 

5.46 

480 

210 

1.16 

5.36 

540 

225 

.96 

5.52 

655 

220 

1.07 

5.67 

465 

225 

.91 

6.31 

430 

185 

.89 

5.26 

460 

180 

.92 

5.32 

650 

235 

.te 

6.28 

630 

230 

.92 

5.23 

600 

190 

1.10 

6.76 

635 

230 

1.03 

5.67 

515 

250 

.98 

5.75 

525 

245 

1.05 

6.51 

515 

260 

5.70 

480 

220 

5.17 

435 

215 

6.63 

640 

240 

6.  26 

520 

226 

6.44 

475 

215 

6.28 

470 

226 

6.49 

650 

236 

5.47 

460 

226 

5.18 

430 

190 

5.27 

440 

205 

5.31 

556 

260 

5.29 

536 

236 

,5.22 

470 

215 

5.71 

415 

240 

5.66 

510 

255 

5.67 

490 

220 

6.47 

505 

240 

0.89 

6.39 

455 

175 

.87 

4.90 

425 

155 

.90 

6.32 

525 

165 

.90 

5.02 

490 

170  I 

.91 

.5.19 

500 

175 

1.14 

5.08 

495 

215 

.91 

5.27 

560 

195 

1.07 

5.27 

480 

215 

.90 

5.00 

420 

145 

.88 

5.05 

455 

150 

.90 

5.05 

505 

210 

.93 

5.05 

545 

210 

.89 

5.00 

485 

170 

.98 

5.31 

535 

215 

2,500 
2,610 
2,680 
2,660 

2,  660 

3,  230 
2,580 
3,020 
2,510 
2,730 
3,090 
2,  950 
2,540 
2,620 
2.710 
2,  700 
2,790 


2,4fi0 
2,550 
2,600 
2,540 
2,  490 
2,830 
2,460 
2,660 
2,580 
2,670 
3,010 
2,810 
2,530 
2.530 
2.620 
2,520 
2,  720 


2,350 
2,500 
2,460 
2,550 
2,  650 
3,110 
2,  520 
3,170 
2,520 
2,  290 
2,  S70 
2,  790 
2,  700 
2,  OSO 


used  in  this  investigation.  If  our  only  problem  were 
to  construct  a  slab  containing  concrete  proportioned 
arbitrarily  by  volume,  we  would  naturally  select  aggre- 
gates producing  the  highest  yield.  If,  on  the  other 
hand,  we  had  only  to  design  a  slab  with  a  specified 
strength  without  considering  economy,  we  might  select 
entirely  dift'erent  aggregates.  The  ideal  aggregate  is 
the  one  giving  high  strength  and  also  high  yield.  By 
dividing  the  flexural  strength  of  each  aggregate  by  the 


1:2:4!«  .MIX  GRADING  NO.  2 


.\ggrcgate  No. 


40  (trap) 

44  (siliceous  gravel) 

46  (siliceous  limestone) 

50  (siliceous  gravel) 

60  (granite).. 

61  (sandstone) 

62  (cherty  limestone 

63  (nrtill.'iceous  limestone) 
04  (siliceous  gravel) 

65  (siliceous  gravel) 

66  (limestone  gravel) 

67  (limestone  gravel) , 

08  (siliceous  gravel) 

72  fshell  limestone) ., 


W 
C 


0.92 
.90 
.90 
.91 
.93 

1.16 
.92 

1.09 
.92 
.90 
.92 
.96 
.91 

1.02 


Baps  of 

cement 

Modulus 

Tensile 

per  cubic 

of  rupture 

Strength 

yard 

Lbs.  per 

Lbs.  per   j 

sq.  in. 

sq.  III. 

5.39 

4C0 

I'J.) 

4.87 

4.50 

lO,'. 

5.31 

595 

220 

4.98 

490 

190 

6.14 

480 

200 

,5.07 

480 

195 

5.19 

630 

220 

5.31 

405 

220 

4.95 

415 

165 

4.93 

470 

165 

4.97 

525 

205 

4.94 

500 

230 

4.93 

470 

165 

5.26 

505 

225 

Com- 
pressive 
strength 


Lhs.  per 
sq.  ill. 
2.  4S0 
2.440 
2,  960 
2.  000 
2,  600 
3,110 
2.  020 
2.870 
2,010 
2,640 
2,  650 
2,  960 
2,  390 
2,780 


1:2:4H  MIX,  GRADING  NO.  3. 


40  (trap) i  0.96 

44  (siliceous  gravel) ..|  .92 

46  (siliceous  limestone) ;  .94 

60  (siliceous  gravel) .95 

60  (granite) i  .90 

61  (sandstone) 1.23 

62  (cherty  lime.stone). ..|  .99 

63  (argillaceous  limestone) i  1.12 

64  (siliceous  gravel) I  .94 

65  (siliceous  gravel) I  .92 

66  (limestone  gravel) |  .98 

67  (limestone  gravel). i  1.00 

68  (siliceous  gravel) '  .93 

72  (shell  limestone) 1.10 


5.31 

465 

195 

4.81 

430 

175 

5.20 

540 

215 

4.89 

476 

200 

5.11 

440 

185 

4.95 

480 

180 

5.17 

500 

195 

6.22 

465 

226 

4.96 

430 

170 

4.98 

435 

175 

4.93 

630 

230 

4.95 

616 

215 

4.93 

480 

185 

5.18 

495 

225 

2,  440 
2,  .540 
2,710 
2,  640 
2,620 
2,880 
2,490 
2,830 
2,  750 
2,630 
2,  950 
2,800 
2,740 
2,  630 


l:2:iyi  MIX,  GRADING  NO.  4 


40  (trap) '  0.98 

44  (siliceous  gravel) 95 

46  (siliceous  limestone) ■  1.00 

50  (siliceous  gravel) ;  .98 

60  (granite) I  1.03 

01  (sandstone) '  1.31 

62  (cherty  limestone) l.OI 

63  (argillaceous  limestone) ..!  1.17 

64  (siliceous  gravel) .96 

65  (siliceous  gravel) .95 

66  (limestone  gravel). |  .96 

67  (limestone  gravel) '  1.03 

68  (siliceous  gravel)..- ]  .94 

72  (shell  limestone) !  1.12 


2,450 
2, 250 
2,  470 
2,610 
2,  500 
2,610 
2,430 
2,660 
2,430 
2,340 
2,  820 
2,820 
2,510 
2,540 


corresponding  cement  factor,  we  obtain  a  series  of 
values  which  may  be  used  to  compare  these  aggregates 
on  a  strength-yield  ])asis.  This  has  been  done  for  the 
general  average  values  and  the  results  are  shown  in 
Figure  11.  Examining  the  curve  showing  the  relation 
between  modulus  of  rupture  and  cement  factor,  we 
note  that  there  are  four  aggregates  whicli  stand  out 
above  the  others.  They  are  Nos.  46,  62,  66,  and  67 
(two  limestones  and  two  limestone  gravels),  the  same 
four  that  gave  the  highest  flexural  strength.  There 
are  four  others,  Nos.  50,  61,  68,  and  72  which  are 
grouped  together  while  the  remaining  six,  Nos.  40, 
44,  60,  63,  64,  and  65  show  a  rather  low  factor.  With 
the  exception  of  the  trap  and  argillaceous  limestone 
aggregates  Nos.  40  and  63,  the  aggregates  line  up  in 
somewhat  the  same  order  as  they  do  in  Figure  3. 

These  facts  demonstrate  that  the  increased  strength 
developed  by  certain  aggregates  is  not  due  entirely  to 
increased  cement  content  in  terms  of  unit  of  volume  of 
concrete.  If  the  variations  in  strength  were  due  to  this 
cause  alone,  we  should  expect  the  strength-yield 
factors  derived  in  the  above  manner  to  produce  a 
horizontal  line,  instead  of  an  ascending  curve. 

It  is  interesting  to  note  that  both  the  tension  and 
compression  graphs  in  Figure  11  present  appro .ximately 
the  same  order  of  ascending  and  desccncUng  values  as  in 
Figure  3.     Thes{>  values  as  well  as  the  transverse  test 
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on. b4MIX  + +12  4M1X  a — □l.2:4iMIX  o — <3 GENERAL  AVERAGE 


6  60 
6  40 
6  20 
6  00 
6  80 
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5  40 
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aggregate  number  and  type 

Figure  9. — Quantity  of  Cement  Required  for  1  Cubic 
Yard  of  Concrete.  Aggregates  Arranged  in  Ascend- 
ing Order  of  Flexural  Strength 


GRADING  NO.  I 


GRADING  NO.  2 


6  ID 
6. 00 
5.90 
5  80 
5.70 
S.SO 
5  50 
6.10 
6.00 
5.90 
5.80 
5.70 
5  60 
5  50 
5.40 


\                                                        I           I 
* 

41 

J 

!►__• 

~I i , 

• 

. !!_? 

o 


GRADING  NO.  3 


GRADING  NO. 4 

•    , 

>    • 

' 

1 
i 

,    • 

30       32        34        36        38        40       42  30      32       34       35       38        40       42 

voids-  percent 

Figure  10. — Relation  Betwee.n  Cement  Factor  and  Voids 
IN  Coarse  Aggregate,  Average  of  Four  Mixes 

results  discussed  above  indicate  that  the  strength  of  the 
concretes  must  have  been  affected  by  factors  inherent 
in  the  aggregates  themselves  as  well  as  by  the  actual 
amount  of  cement  present. 

The  ratios  found  between  the  strength  in  fle.xure, 
tension,  and  compression  are  given  in  Tables  9  and  10. 
It  should  be  remembered  that  the  compression  speci- 
mens were  broken  four  days  after  the  flexure  and  ten- 
sion of  specimens  were  broken  which  of  course  makes 
the  ratio  between  tension  and  flexure  the  only  true  one. 
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aggregate  number  and  type 

Figure  11. — Relation  Between  Cement  Factor  and 
Flexural,  Tensile,  and  Compressive  Strengths, 
Average  of  All  Tests 

However,  the  other  ratios  are  useful  in  making  rela- 
tive comparisons.  Table  9  gives  these  ratios  for  each 
mix,  while  in  Table  10  they  are  given  for  each  grading. 
There  is  one  point  worthy  of  note  in  Table  9  and  that  is 
the  ratios  of  tension  to  flexure  for  the  different  mixes. 
The  1:2:4)2  mix  showed  about  the  same  ratios  as  the 
1:1.6:4  mix,  both  being  low,  while  the  1:1.6:3  mix 
showed  the  highest  values  throughout.  The  tension- 
compression  ratios  are  about  the  same  for  all  four 
mixes,  while  the  modulus-compression  ratios  are  higher 
for  the  lean  mixes.  These  tables,  show  in  general 
that  the  same  ratios  do  not  exist  between  the  three 
types  of  tests  for  all  aggregates. 
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Table  9. — Ratios  between  strength  in  flexure,  tension,  and  compression  for  each 


mix  {(ii'i  raye  of  four  gradingsy 


1:1.6:3 

1:1.6:4 

1:2:4 

l:2:4;-i 

.\ggregate  Xo. 

• 

Ten. 
-Mod. 

Ten. 
Con\p. 

Mod. 
Comp. 

Ten. 
Mod. 

Ten. 
Comp. 

Mod. 
Comi). 

0.  186 
.  161 
.  202 
.173 
.  179 
.152 
.  205 
.  160 

.  171 
.  170 
.  176 
.  17S 

.Mod. 

0.  43 
.43 
.41 
.41 
.43 
.43 
.40 
.48 
.  11 
,10 

.  i;i 

.  ;i9 
.  :«i 

.44 
.48 
.44 
.46 

Ten. 
Comp. 

0.  079 
.072 
.084 
.077 
.075 
.074 
.084 
.078 
.  072 
.  070 
.  076 
.  073 
.  073 
.  089 
.090 
.085 
.082 

Mod. 
Comj). 

0.185 
.167 
.  206 
.187 
.  175 
.  166 
.212 
.  163 
.  164 
.  173 
.  177 
.  186 
.  187 
.200 
.188 
.  192 
.181 

Ten. 

Mod. 

0.42 
.38 
.37 
.39 
.40 
.41 
.  39 
.47 
.38 
.38 
.40 
.43 
.  36 

Ten. 
Comp. 

Mod. 
Comp. 

40 

44 

46 

50 .--- 

60 

61 

0.44 
.44 
.42 
.44 
.47 
.50 
.44 
.60 
.42 
.43 
.45 
.48 
.44 
.53 
..52 
.50 
.52 

0.077 
.071 
.080 
.074 
.075 
.068 
.079 
.077 
.066 
.071 
.  075 
.077 
.075 
.  095 
.087 
.082 
.083 

0.176 
.160 
.188 
.  166 
.162 
.  135 
.181 
.l.'i2 
.  156 
.  166 
.  169 
.162 
.  169 
.179 
.166 
.165 
.159 

0.38 
.39 
.38 
.39 
.41 
.43 
.38 
.48 
.39 
.38 
.42 
.41 
.38 

0.070 
.  064 
.077 
.  0()7 
.  073 
.  065 
.078 
.077 
.061 
.  065 
.074 
.  073 
.008 

0.  080 
.  068 
.077 
.074 
.073 
.  067 
.081 
.  075 
.  062 
.  069 
.076 
.  079 
.068 

0. 189 
.177 
.210 
.189 
.181 
.104 
.210 
.160 
.163 
.184 
.  190 
.183 
.  185 

62 

63 - - 

64 --- .... 

65 

66 

67     .-            

68 

69 

70. 

71 

72... 

.44 

.077 

.175 

.43 

.081 

.190 

Average 

.47 

.077 

.165 

.40 

.071 

.175 

.43 

.078 

.183 

.40 

.074 

.184 

I  Flexure  and  tension  specimens  broken  at  29  days,  compression  specimen.s  broken  at  33  days. 

Table   10. — Ratios  between  strengths  in  flexure,  tension,  and  compression  for  each  grading  {average  of  four  mixes)'- 


- 

Grading  X'o 

1 

(i 

rading  Xo 

Ten. 
Comp. 

0. 076 
.068 
.076 
.071 
.074 
.  065 
.078 
.  075 
.066 
.070 
.  076 
.  073 
.070 
.079 

2 

(i 

rading  Xo 

3 

Grading  Xo 

4 

-A.ggregate  Xo. 

Ten. 
Mod: 

Ten. 
Comp. 

Mod. 
Comp. 

Ten. 

Mod. 

Mod. 
Comp. 

Ten. 
Mod. 

Ten. 
Comp. 

M.mI. 
Comp. 

Ten. 
Mod 

Ten. 
Comp. 

Mod. 
Comp. 

40 

0.40 
.38 
.35 
.36 
.39 
.45 
.39 
.46 
.38 
.36 
.41 
.38 
.36 
.42 

0.074 
.064 
.072 
.065 
.067 
.068 
.077 
.073 
.062 
.063 
.071 
.070 
.064 
.075 

0.182 
.169 
.205 
.181 
.170 
.162 
.198 
.ISO- 
.163 
.177 
rl75 
.182 
.181 
.177 

0.41 
.42 
.39 
.41 
.42 
.44 
.40 
.48 
.42 
.40 
.43 
.43 
.39 
.47 

0. 186 
.163 
.191 
.172 
.178 
.148 
.193 
.157 
.156 
.176 
.174 
.171 
.177 
.  169 

0.41 
.43 
.42 
.43 
.44 
.43 
.41 
.  50 
.39 
.40 
.44 
.45 
.41 
.47 

0.075 
.  069 
.082 
.073 
.073 
.067 
.080 
.078 
.063 
.065 
.  076 
.078 
.072 
.084 

0.181 
.162 
.196 
.172 
.  165 
.  1.56 
.195 
.  156 
.  I.W 
.164 
.171 
.173 
.178 
.178 

0.44 
.44 
.42 
.44 
.47 
.47 
.41 
.49 
.43 
.43 
42 

0.081 
.  075 
.088 
.082 
.085 
.072 
.088 
.081 
.069 
.076 

l\XC\ 

0.  185 

.  169 

211 

44 

46      

SO 

60   .  

.186 
182 

61-. 

155 

62   

215 

63.  - 

164 

64 

161 

65 

66       

.176 
190 

67 

68     

.46  ,           .082 
.43  1           .077 
.48  1           .085 

.176 
180 

72 

.  176 

.\verage 

.39 

.069 

.177 

.42 

.073 

.172 

.43 

.074 

.172 

.45             .080 

.180 

'  Fle.\ure  and  tension  specimens  broken  at  29  days,  compression  specimens  broken  at  33  days. 


DATA  INDICATE  DESIRABILITY  OF  PROPORTIONING  CONCRETE  BY 
TRIAL   METHOD 

The  preceding  discussion  has  demonstrated  quite 
conchisively  that  the  water-cement  ratio  alone  does  not 
control  the  strength  of  the  concrete.  It  has  been  shown 
that  the  various  coarse  aggregates  which  are  in  common 
use  to-day  in  the  construction  of  pavements  may  have 
certain  qualities  inherent  in  the  aggregates  themselves 
which  may  cause  a  wide  variation  in  strength  for  a 
given  water-cement  ratio.  Further  analysis  of  the 
data,  however,  shows  equally  well  that  for  any  given 
aggregate,  variations  in  the  water-cement  ratio  will 
affect  the  strength  substantially  in  accordance  with  the 
well  established  fundamental  law.  This  fact  is  of 
considerable  assistance  in  connection  with  the  design 
of  concrete  paving  mixtures  to  meet  certain  strength 
requirements,  as  will  be  discussed  below. 

In  Figure  12  there  has  been  plotted  for  each  aggregate 
the  relation  between  the  water-cement  ratio  and  the 
strengths  in  fie.xure,  tension,  and  compression.  Before 
plotting  these  curves  an  attempt  was  made  to  correct 
the  apparent  water-cement  ratios,  as  shown  in  the 
tables,  for  absorption  of  coarse  aggregate.  It  was 
found,  however,  that  certain  of  the  aggregates  were  so 
nonhomogeneoxis  that  it  was  impossible  to  obtain 
reasonable  concordance  on  repeated  tests  for  absorption. 
These  discrepancies  were  so  great  in  a  number  of  cases 
as  to  lead  to  the  conclusion  that  the  present  standard 
method  of  making  absorption  tests  on  small  1,000-gram 


samples  is  practically  worthless  for  nonhomogeneous 
aggregates.  Attempts  to  make  mathematical  cor- 
rections were  therefore  abandoned  and  values  corre- 
sponding to  the  average  water-cement  ratios  for  aggre- 
gates having  little  or  no  absorption  were  adopted  for 
each  of  the  four  mixes.  It  was  felt  that  under  the 
circumstances  this  was  the  most  logical  method  of 
showing  this  relationshif)  because  it  assumes  that,  if  it 
had  been  possible  to  make  an  accurate  correction  for 
absorption,  the  net  water-cement  I'atios  for  all  the 
aggregate  for  a  given  mix  would  have  been  approxi- 
mately the  same.  The  oidy  other  variable  which  might 
affect  this  assumption  is  the  shape  of  the  aggregate 
fragments.  It  seems  reasonable  to  suppose  that,  other 
things  being  equal,  an  aggregate  having  rounded  sur- 
faces would  require  less  water  than  one  having  angular 
surfaces.  However,  inspection  of  Table  0  fails  to  reveal 
any  significant  differences  which  may  be  attributed  to 
this  factor.  It  is  felt,  therefore,  that  the  water-cement 
ratios  assumed  for  use  in  the  charts  are  reasonably 
close  to  the  true  values,  with  the  possible  exception  of 
aggregates  Nos.  01  and  G3,  both  of  which  were  very 
highly  absorptive. 

Referring  now  to  Figure  12,  it  will  be  observed  that 
for  all  three  types  of  test  the  strength  decreases  pro- 
portionately with  increases  in  the  water-cement  ratio, 
resulting  in  a  scries  of  substantially  parallel  curves  each 
of  which  represents  the  strength-water  ratio  relation 
for  a  sriven  aggregate.     For  purposes  of  stud^'ing  the 


84 


PUBLIC    ROADS 


Vol.  10,  No.  4 


•  SILICEOUS  MATERIAL 
5TRAP 


■< +  CALCAREOUS  MATERIAL 

X X  SANDSTONE 


MODULUS  OF  RUPTURE 


COMPRESSIVE  STRENGTH 


4000  '*"x 


+__ 

\ 

V 

\ 

t^ 

C-- 

^ 

^ 

\^*-~J^ 

^^ 

--- 

^ 

^fe" 

^ 

=^*^ 

\ 

^ 

^ 

^ 

~^^\ 

N 

5^ 

^ 

ei 

^ 

» 

2000 

0  74   0  76   0  78   0  BO   0  82   0  84   0-86   0  88   0  30   0.92   0  94   0  96 

water -cement  ratio 
Figure  12. — Relation  Between  Water   Cement  Ratio 
AND  Flexural,  Tensile,  and  Compressive  Strength 

effect  of  mineral  composition  the  aggregates  have  been 
grouped  into  four  divisions,  the  six  calcareous  materials 
being  indicated  by  crosses,  the  single  sandstone  by  an 
X,  the  trap  by  an  open  circle,  and  the  various  materials 
which  are  essentially  siliceous,  such  as  the  quartz 
gravels  and  the  granite,  b,y  solid  circles.  The  grouping 
of  materials  by  types  as  previously  discussed  is  at  once 
apparent.  Of  interest,  also,  is  the  fact  that,  in  so  far 
as  tensile  strength  is  concerned,  the  curves  are  practi- 
cally horizontal  for  water-cement  ratios  between  0.8 
and  0.94.  Aside  from  this  the  relation  between  strength 
and  water-cement  ratio  follows  the  well  known  law 
fairly  closely  for  each  type  of  test. 


The  fact  that  these  water-cement  ratio-strength 
curves  are  practically  parallel  gives  us  a  method  of 
designing  concrete  paving  mixtures  bj^  trial  as  described 
in  the  paper,  The  Design  of  Concrete  Paving  Mixtures 
by  the  Water-Cement  Ratio  Method,  which  appeared 
in  the  August,  1928,  issue  of  Public  Roads.  This 
method  consists  essentially  in  determining  for  any 
given  water-cement  ratio,  saj^  0.8,  and  for  each  com- 
bination of  aggregates  under  consideration,  the  trans- 
verse strengths  at  28  days  under  standard  laboratory 
conditions.  The  resulting  values  are  then  plotted  and 
curves  drawn  through  each  parallel  to  the  basic  water- 
cement  ratio-strength  curve. 

By  noting  the  water-cement  ratio  at  which  each  of 
these  curves  cuts  the  design  strength  line,  the  propor- 
tions which  must  be  used  in  the  case  of  each  aggregate 
to  secure  the  design  strength  with  the  desired  work- 
ability may  be  determined  by  trial,  from  which  in  turn 
may  be  determined  the  quantities  of  materials  in  each 
case  for  a  unit  volume  of  concrete.  A  study  of  the 
relative  costs  of  materials  will  then  fix,  in  general,  the 
most  economical  combination  to  use. 


CONCLUSIONS 

Based  on  the  variables  included  in  this  investigation 
and  the  resulting  test  data,  the  following  conclusions 
are  drawn: 

1.  That  the  tensile,  flexural  and  compressive  strength 
of  concrete  are  affected  appreciably  by  the  character  of 
the  coarse  aggregate  used. 

2.  That  the  tensile  and  flexural  strength  are  affected 
to  a  greater  extent  than  the  compressive  strength. 

3.  That  for  a  given  aggregate  there  is  a  fairly  well 
defined  relation  between  the  strength  of  the  concrete 
and  the  water-cement  ratio. 

4.  That  variations  in  the  character  of  the  coarse 
aggregates,  other  thmgs  bemg  ec^ual,  may  result  in  a 
difference  in  flexural  strength  equal  to  that  produced 
by  an  appreciable  change  in  the  water-cement  ratio 
wdth  any  given  aggregate.  (In  this  study,  for  instance, 
aggregate  No.  46,  with  a  water-cement  ratio  of  0.94, 
produced  concrete  of  somewhat  higher  flexural  strength 
than  aggregate  No.  44,  with  a  water-cement  ratio  of 
0.74— a  diflFerence  of  0.2.) 

5.  That  there  is  a  fairly  definite  relation  between 
certain  mmeralogical  characteristics  of  the  coarse  ag- 
gregate and  the  strength  of  concrete,  calcareous  aggre- 
gates in  general  giving  consistently  higher  flexural 
and  tensile  strength  than  siliceous  aggregates. 

6.  That,  in  general,  aggregates  having  rounded  frag- 
ments produce  concrete  of  lower  flexural  and  tensile 
strength  than  aggregates  which  are  composed  wholly 
or  in  part  of  crushed  fragments. 

7.  That,  within  the  limits  of  this  study,  variations  in 
grading  of  coarse  aggregates  have  no  consistent  effect 
upon  the  strength  of  concrete.  (It  is  not  to  be  inferred 
from  this  statement,  however,  that  control  of  grading  is 
not  important.  Variations  in  grading  occurring  during 
construction  not  only  afl'ect  yield  when  measurements 
are  made  by  volume  but  also  affect  the  workability  and 
and  therefore  the  uniformity  of  the  concrete). 

8.  That,  within  the  range  in  quality  covered  by  this 
study,  there  is  no  relation  between  the  quality  of  the 
coarse  aggregate,  as  measured  by  the  abrasion  test, 
and  the  strength  of  the  concrete. 
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EFFECT  OF  WHEEL  TYPE  ON  IMPACT  REACTION 

By  JAMES  A.  BUCHANAN,  Associate  Engineer  of  Tests,  and  E.  G.  LAPHAM,  Junior  Highway  Engineer,  Division  o(  Tests,  United  States  Bureau  of  Public  Roads 


A  RESEARCH  investigation  with  the  object  of 
obtaining  information  regarding  the  relative 
protective  or  cushioning  quahty  inherent  in 
different  types  of  wheel  was  carried  on  by  the  Bureau 
of  Pubhc  Roads  in  1927  and  1928.  This  project  was 
a  part  of  the  study  being  made  by  the  bureau  con- 
cerning the  general  subject  of  motor-truck  impact. 

As  it  was  necessary  to  limit  the  scope  of  the  investi- 
gation, normal  equipment  for  a  2-ton  truck  was  selected 
as  being  a  fair  basis  for  comparison.  Accordingly,  all 
known  manufacturers  of  "cushion"  wheels  '  of  this 
capacity  were  invited  to  submit  wheels  for  test,  but 
for  various  reasons  many  declined,  and  only  two  wheels 
of  the  cushion  type  were  made  available.  These  and  a 
conventional  wood-spoke  artillery  wheel  were  used  in 
the  program,  and  each  was  successively  equipped  with 
dual  new  cushion,  dual  new  solid,  and  dual  worn  solid 
tires.  For  purposes  of  comparison,  tests  were  also 
made  on  a  pneumatic  tire  mounted  on  a  rigid  wheel. 

It  is  believed  that  the  method  of  test  outlined,  in 
addition  to  giving  definite  information  regarding 
particular  wheel  types,  will  be  of  value  to  wheel  manu- 
facturers and  others  interested  in  the  development  of 
cushioning  devices  for  automotive  equipment. 

PROCEDURE  AND  EQUIPMENT  DESCRIBED 

There  appeared  to  be  two  general  methods  by 
which  the  desired  information  might  be  obtained — 
first,  by  comparing  the  magnitude  of  the  impact  forces 
produced  by  each  type  of  wheel  under  definite  and 
identical  test  conditions,  and,  second,  by  determining 
the  variations  in  the  test  conditions  which  were  neces- 
sary to  cause  the  different  wheels  to  produce  impact 
reactions  of  equal  magnitudes. 

Data  for  these  comparisons  have  been  taken  and 
will  be  discussed  in  detail  later.  In  addition,  there 
has  been  developed  other  information  of  interest  in 
connection  with  the  general  subject  of  motor-truck 
impact. 

^VJleels. — As  previously  stated,  the  program  included 
two  wheels  of  the  cushion  type  and  one  of  the  con- 
ventional rigid  type  as  a  standard  of  comparison. 

The  two  cushion  wheels  diff"ered  from  each  other 
fundamentally  in  that  one  (designated  as  wheel  RS  in 
this  report)  utilized  rubber  in  shear  as  the  cushioning 
medium,  while  the  other  (designated  as  wheel  RC) 
utilized  rubber  in  compression. 

The  rigid  wheel  (referred  to  as  wheel  WM)  was  of 
the  wood-spoke,  metal-felloe  type  of  construction. 

The  three  types  of  wheel  are  shown  diagrammatically 
in  Figure  1. 

Tires. — The  tire  equipment  used  on  the  wheels  in- 
cluded one  set  of  each  of  the  following  types,  selected 
to  represent  the  range  in  tire  conditions  (exclusive  of 
pneumatic)  which  are  found  on  the  highways. 

Tire  NC  represents  dual  36-inch  by  5-inch  new, 
hollow-center  cushion  tires. 

Tire  NS  represents  dual  36-inch  by  4-inch  new, 
regular  solid  tires.  Such  tires  are  sometimes  referred 
to  as  being  of  the  low-profile,  soUd  type. 


Tire  WS  represents  dual  36-inch  by  4-inch  solid  tires 
having  a  tread  thickness  of  about  five-eighths  inch 
visible  beyond  the  steel  tire  fiange.  These  tires  were 
obtained  by  cutting  down  new  tires  to  the  required 
thickness  to  simulate  tires  worn  down  in  service.  As 
they  were  cut  down  in  a  machine  they  differed  from 
traffic-woi'n  tires  in  that  they  were  true  and  round. 
They  also  differed  in  that  they  had  not  deteriorated 
by  aging. 

The  sets  of  tii-os  were  placed  on  the  wheels  in  turn, 
care  being  taken  to  insure  that  they  were  pressed  on 
the  wheels  in  a  uniform  manner.  The  three  sets  of 
wheels  and  three  sets  of  tires  provided  a  total  of  nine 
combinations  for  use  in  the  tests. 


W|;^p^      r^' ^ 


RIGID 
ARTILLERY    TYPE. 


CUSHION 
COMPRESSION  TYPE. 


CUSHION 
SHEAR    TYPE. 


Figure  1. — Diagrammatic  Representation  of  Wheel 
Types  Tested 

static  tests  made  on  each  wheel  and  pair  of  tires 

Each  wheel  and  pair  of  tires  was  subjected  to  a  static 
load  test  up  to  28,000  pounds  (about  three  and  one-half 
times  the  normal  capacity  load)  in  a  universal  testing 
machine.  The  displacements  of  the  hub  and  of  the 
tire  rim  were  measured  with  dial  micrometers,  load 
increments  of  about  1 ,000  pounds  being  used.  Figure  2 
shows  how  micrometers  were  placed  on  both  sides  of  the 
wheel,  and  a  knife  edge  under  the  plate  on  which  the 
wheel  rested  which  distributed  the  load  evenly  to  both 
tires.  The  average  of  the  deflections  indicated  at  the 
rim  was  taken  as  the  tire  deformation,  the  average  of 
the  deflections  at  the  hub  was  taken  as  the  combined 
deformation  of  wheel  and  tire,  and  the  difference  be- 
tween the  two  was  taken  as  the  wheel  deformation. 

PRELIMINARY    TESTS  INDICATE    NECESSITY   FOR    USE    OF  IMPACT 
MACHINE 

In  earlier  impact  tests  of  trucks  and  tires  ^  a  proce- 
dure was  developed  whereby  the  impact  reaction 
between  the  pavement  and  the  tires  of  a  moving  truck 
was  obtained  by  computing  its  sprung  and  unsprung' 
components  and  combining  the  two.  The  sprung  com- 
ponent was  obtained  from  a  record  of  the  deflection  of 


I  A  cushion  wheel,  as  distinguished  from  a  rigid  wheel,  is  one  which  has  cushioning        '  Public  Roads,  vol.  7,  No.  4,  June,  1926,  Motor  Truck  Impact  as  AlTectcd  by  Tires, 
material  incorporated  in  the  supporting  structure  of  the  wheel.  Other  Truclf  Factors,  and  Hoad  Roughness,  by  James  A.  Buchanan  and  J.  W  .  Kcid. 
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the  truck  spring  at  the  instant  of  impact.  The  un- 
sprung component  was  obtained  from  the  Ivnown  un- 
sprung mass  and  the  acceleration  or  deceleration  im- 
parted to  that  mass,  as  measured  by  an  accelerometer 
attached  to  the  hub  of  the  wheel. 

It  was  recognized  that  the  construction  of  a  cushion 
wheel  necessarily  subdivided  the  unsprung  mass  of  the 
truck  into  two  or  more  portions.  Since  the  major 
portion  was  stdl  rigidly  connected  to  the  hub,  it  was 
thought  that  reactions  based  on  hub  accelerations,  as 
outlined  above,  might  give  data  sufficiently  accurate 
for  the  purpose  of  this  investigation.  A  series  of  tests 
was  carried  out  operating  the  2-ton  test  truck  equipped 
successively  with  the  various  wheels  over  the  artifi- 
cially roughened  test  road  de- 
scribed in  the  report  of  the 
previous  test.  A  study  of 
the  data  obtained  indicated 
the  necessity  of  determining 
the  importance  of  the  differ- 
ence in  acceleration  of  the 
component  parts  of  the  un- 
sprung mass.  Accordingly,  a 
few  preliminary  tests  were 
made  on  the  impact  testing 
machine^  used  in  former  tests. 
These  preliminary  tests 
showed  definitely  that  the 
component  masses  of  cushion 
wheels  are  subject  to  different 
accelerations  during  impact 
and  that  the  divergence  of 
the  rim  acceleration  from  that 
of  the  hub  varied  with  the 
type  of  wheel,  the  type  of 
tire,  and  the  specific  test  con- 
ditions. It  was  then  decided 
that  a  complete  series  of  tests 
on  the  impact  machine  would 
furn'sh  data  which  would 
satisfy  the  objects  of  the 
investigation  and,  further, 
that  tests  with  a  truck  on 
the  road  could  not  be  depended  upon  to  accomplish 
these  objects. 

INSTRUMENTS  USED  IN  FINAL  IMPACT  TESTS  DESCRIBED 

The  impact  testmg  machine,  in  addition _ to  permit- 
ting the  various  changes  of  wheel-trre  combinations, 
also  allowed  wide  ranges  in  truck-spring  pressure  and 
height  of  drop.  For  these  tests  the  truck  spring 
attached  to  the  unsprung  weight  of  the  impact  machine 
was  adjusted  to  a  deformation  of  I/2  inches  (corre- 
sponding to  a  load  of  2,000  pounds)  at  the  instant  the 
tires  made  contact  with  the  surface  on  which  they  were 
dropped.  The  height  of  fall  was  defined  as  the  vertical 
distance  the  wheel  dropped,  under  the  combined  in- 
fluences of  gravity  and  the  truck  spring,  from  its  posi- 
tion when  released  by  the  cam  to  its  position  at  contact 
of  the  tires  with  the  surface  on  which  the}'  were  dropped. 
This  height  of  fall  was  recorded  graphically,  together 
with  the  displacements  of  the  hub  and  rim  after  con- 
tact, by  means  of  stylii  attached  to  the  various  parts 


MOVING    HEAD  : 


TESTING    MACHINE 


Figure  2. — Diagram  of 
Set-up  for  Static  Load- 
Deflection  Tests 


Figure  3. — The  Displacement  Recording  Device.  The 
Horizontal  Angle  Near  the  Bottom  Extends  Beyond 
THE  Concrete  Slab  and  is  Independently  Supported 


i 


5  Public  Roads,  vol.  5,  No.  2, 
.  Slabs,  by  L.  W.  Teller. 


April,  1924,  Impact  Tests^on  Concrete  Pavement 


Figure  4. — The  AccEi.i;i(oMKrKn   .Mm  ntkd  to  Measure 
Acceleration  of  the  "Hub "  Portion  of  the  Unsprung 

Mass 

and  bearing  on  plates  holding  silicated  paper,  as  shown 
in  Figure  3.  The  height  of  "free"  fall  was  varied 
between  0.2  inch  and  2  inches. 
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Figure  5. — General  View  of  the  Testing  Machine  Showing  the  Installation  of  a  Multiple-Element 
Coil  Spring  Accelerometer  at  the  Top  of    the  Plunger  Carrying  the  Wheel 


A  Kreuger  cell,*  as  shown  in  Figures  3  to  5,  was 
placed  directly  under  the  wheel  on  the  pavement  slab, 
upon  which  the  wheel-tire  combination  was  dropped. 
By  this  means  a  direct  determination  of  the  mag- 
nitiide  of  the  impact  force  was  obtained.  As  demon- 
strated by  Professor  Kreuger  and  corroborated  by 
other  tests  by  the  Bureau  of  Public  Roads,  such  cells 
deform  under  normal  static  calibration  conditions  in 
the  same  manner  that  they  do  under  motor-truck 
impact  conditions,  and  the  results  obtained  in  these 
tests  justify  confidence  in  their  use. 

The  tests  were  made  on  a  concrete  slab,  heavily 
reinforced  and  about  12  feet  squai'e.  Its  minimum 
thickness  is  8  inches  and  the  subgi-ade  is  firm.  A 
machined  steel  plate  was  cemented  on  the  surface  to 
provided  a  uniform  bearing  for  the  base  of  the  Kreuger 
cell. 

The  accelerometer  used  to  measure  the  decelerations 
of  the  hub  of  the  wheel  and  of  the  rim  of  the  tire  is  of 
the  contact  type.  It  is  a  single-cell  instrument,^  de- 
signed by  Dr.  Benjamin  Liebowitz  for  the  use  of  a 
special  accelerometer  subcommittee  of  a  cooperative 
committee  on  motor-truck  impact  tests.*     It  consists 

<  Public  Roads,  vol.  5,  No.  10,  December,  1924.  Accurate  Accelerometers  De- 
veloped by  the  Bureau  of  Public  Roads,  by  L.  W.  Teller.  See  also,  for  a  mathe- 
matical discussion,  Transactions  No.  2  of  the  Engineering  Science  Academy,  Stock- 
holm, 1921;  Method  for  Measuring  and  Calculating  the  Magnitude  of  Forces  with 
Particular  Regard  to  Impact  Forces,  by  Prof.  H.  Kreuger. 

'  See  Journal  of  the  Society  of  Automotive  Engineers,  vol.  18,  No.  3,  March,  1920, 
pp.  249-251,  Micrometer  Type  of  Contact  Accelerometer. 

•This  cooperative  committee  represents  the  Rubber  Association  of  America,  the 
Society  of  Automotive  Engineers,  and  the  United  States  Bureau  of  Public  Roads. 
The  wheel  tests  herein  described  were  not  a  part  of  the  activities  of  the  cooperative 
committee. 


of  a  cantilever  flat  steel  spring  pivoted  at  the  point  of 
maximum  bending  moment  and  extended  beyond  the 
pivot  to  carry  a  suitable  weight  or  inertia  clement.  The 
weighted  end  is  restrained  from  oscillating,  except 
through  a  very  small  arc,  by  means  of  upper  and  lower 
stop  screws,  which  are  also  insulated  electric  contacts. 
For  any  given  initial  deflection  of  the  spring,  applied  by 
means  of  and  measured  by  a  screw  micrometer,  it  is  neces- 
sary for  a  definite  acceleration  to  act  upon  the  weighted 
end  in  order  to  produce  sufficient  force  to  separate  the 
upper  contacts  or  engage  the  lower  contacts.  Radio 
head  phones  arc  used  to  determine  the  proper  setting 
of  the  micrometer  to  "balance"  the  acceleration  im- 
pressed on  the  instrument. 

This  accelerometer  was  alternately  secured  to  the 
unsprung  mass  to  which  the  hub  of  the  wheel  was 
attached  and  to  the  unsprung  mass  of  the  felloe  portion 
of  the  wheel  which  carried  the  dual  tires.  A  shelf 
riveted  to  the  main  unsprung  portion  of  the  impact 
machine  afforded  a  convenient  means  of  attaching  the 
instrument  when  measuring  "hub"  accelerations.  A 
similar  shelf  for  the  attachment  of  the  instrument  when 
measuring  "rim"  accelerations  was  provided  for  by 
machining  a  vertical  plane  surface  on  the  steel  flange  of 
the  tire  and  tapping  holes  into  the  flange  in  order  to 
bolt  the  instrument  shelf  securely  to  it.  The  instru- 
ment in  the  two  positions  is  shown  in  Figure  4  and  on 
the  cover  page. 

Data  concerning  the  action  of  coil  spring  accelerome- 
ters under  cushion-wheel  conditions  were  obtained  with 
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a  four-element  instrument  attached  to  the  top  of  the 
"phmger"  or  unsprung  mass  of  the  impact  machine. 
The  data  obtained  with  this  instrument  were  not 
intended  for  use  in  this  investigation  and  are  not 
included  m  the  report.  This  installation  is  shown  in 
Figure  5. 

IMPACT  FORCES  MEASURED  BY  DIRECT  AND  INDIRECT  METHODS 

Each  wheel  and  tire  combination  to  be  tested  was 
installed  in  the  proper  position  in  the  impact-testing 
machine  and  the  machine  was  leveled  so  that  the 
guides  for  the  plunger  carrying  the  wheel  were  vertical. 
The  Kreuger  cell  was  placed  between  the  tires  and  the 
pavement  and  the  machine  was  adjusted  until  the 
distance  between  the  point  of  maximum  elevation  of 
the  wheel  and  that  of  contact  of  the  tires  with  the  sur- 
face of  the  Kreuger  cell  gave  a  desired  height  of  fall. 
The  truck  spring  in  the  testing  machine  was  then 
adjusted  to  give  the  desired  pressure  when  the  tires 
made  contact  with  the  Kreuger  cell. 

The  contact  accelerometer  was  installed  to  measure 
hub  accelerations  and  the  impact  testing  machine  was 
set  in  motion,  the  cam  raising  and  dropping  the  un- 
sprung weight  about  seven  times  per  minute.  The 
micrometer  setting  on  the  accelerometer  was  varied 
until  three  out  of  six  consecutive  drops  of  the  wheel 
registered  in  the  phones,  and  the  setting  was  noted. 
This  process  was  repeated  with  the  accelerometer  in- 
stalled to  record  rini  accelerations.  The  Kreuger  cell 
was  then  removed  and  its  plane  surface  was  smoked 
lightly,  after  which  the  cell  was  replaced  and  a  single 
drop  made  upon  it.  The  diameter  of  the  resulting 
record  on  the  smoked  surface  was  read  by  two  observers 
using  a  Brinell  microscope.  The  average  reading  of 
the  diameter  was  recorded.  If,  as  occasionally  hap- 
pened, there  was  an  appreciable  difference  between  the 
readings  of  the  two  observers  the  test  was  repeated. 
Six  individual  drop  tests  on  the  Kreuger  cell  were  taken 
in  the  above  manner.  The  average  of  the  six  recorded 
diameters  was  referred  to  a  calibration  curve  for  the 
cell  and  the  magnitude  of  the  impact  force  determined 
for  the  given  test  condition.'' 

RESULTS  OF  STATIC  AND  IMPACT  TESTS  PRESENTED 

Table  1  gives  the  load-deflection  data  for  the  static 
tests  on  the  three  tires  and  on  the  three  wheels.  These 
data  are  represented  graphically  in  Figures  6  and  7, 
respectively.  Figure  8  shows  the  same  relation  for  each 
wheel-tire  combination,  and  was  obtained  from  the  data 
in  Table  1. 

Table  2  gives  the  weights  of  the  various  tires,  the 
elements  of  the  various  wheels,  the  unsprung  portions 
of  the  testing  machine,  and  the  total  hub  and  rim  com- 
ponents for  eacli  wheel-tire  combination. 

Tables  3,  4,  and  5  contain  the  data  for  the  impact 
tests  on  the  three  wheels  equipped  with  cushion,  new 
solid,  and  worn  solid  tires.  The  height  of  fall  shown 
in  the  first  column  was  measured  upward  from  the 
position  of  the  wheel  at  contact  with  the  surface  on 
which  it  struck  to  the  position  from  which  it  was 
dropped.  The  displacements  shown  in  the  second  to 
fifth  columns,  inclusive,  were  measured  downward  from 
this  same  datum  (position  of  the  wheel  at  contact)  and 
are  either  tire  deflections  (rim  displacements)  or  a  com- 
bination of  the  tire  and  wheel  deflections  (hub  displace- 

'  The  same  two  observers  read  the  diameters  of  the  Kreuger  cell  records  during 
these  tests  and  the  static  tests  upon  which  the  calibration  curve  for  the  cell  was  based. 
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Figure  6. — Static  Load-Deflection  Curves  for  Tires 
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Figure  7. — Static  Load- Deflection  Curves  for  Wheels 
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Figure  8. — Static  Load-Deflection  Curves  for  Wheel- 
Tire  Combinations 
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ments).  The  displacements  under  static  load  were 
tabulated  simply  as  a  matter  of  information,  and  the 
values  do  not  appear  in  any  of  the  diagrams. 

The  total  i-eaction  was  measured  directly  by  the 
Kreuger  cell  and  was  also  computed  using  the  following 
equation: 

F=  MnAn  +  MrAr  +{Mn+  Mr)g  +  P 

in  which 

i^is  the  computed  total  reaction  between  the  tire  and 
the  slab  or  road  surface. 

Mh  and  Mr  are  the  respective  masses  of  hub  and  rim 
portions  of  the  wheel. 

Ah  and  Aj  are  the  respective  accelerations  of  the  hub 
and  rim  portions  of  the  wheel. 

g  is  the  acceleration  of  gravity. 

P  is  the  pressure  of  the  vehicle  spring  at  the  instant  of 
maximum  acceleration. 

Table  1. — Deflections  of  tires  and  wheels  under  static  load 


Tire  NC 

TIRE  NS 

Tire  WS 

Wheel  RS 

Wheel  RC 

Wheel  WM 

De- 

De- 

De- 

De- 

De- 

De- 

Load 

flec- 

Load 

flec- 

Load 

flec- 

Load 

flec- 

Load 

flec- 

Load 

flec- 

tion 

tion 

tion 

tion 

tion 

tion 

Lbs. 

7ns. 

Lbs. 

In. 

Lbs. 

In. 

Lbs. 

In. 

Lbs. 

In. 

Lbs. 

In. 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

380 

.038 

200 

.045 

370 

.015 

100 

.022 

500 

.003 

370 

.000 

780 

.132 

500 

.108 

830 

.038 

680 

.042 

1,000 

.018 

830 

.001 

1,040 

.170 

1,000 

.168 

1,000 

.043 

1,000 

.033 

3,010 

.030 

1,000 

.001 

1,500 

.227 

1,500 

.217 

1,570 

.055 

1,620 

.097 

5,130 

.103 

1,570 

.003 

2,000 

.282 

2,000 

.266 

2,030 

.  032 

2,000 

.119 

7,500 

.148 

2,030 

.005 

3,000 

.372 

2,500 

.294 

3,070 

.075 

3,050 

.188 

10, 000 

.190 

3,070 

.008 

4,060 

.452 

3,000 

.326 

4,030 

.085 

4,090 

.258 

12,  500 

.224 

4,030 

.009 

6,030 

.582 

4,000 

.381 

6,070 

.101 

5,050 

.318 

15,  000 

.252 

6,070 

.011 

8,030 

.692 

5,000 

.426 

7,950 

.114 

7,030 

.437 

17,  500 

.274 

7,950 

.015 

10,  020 

.792 

6,000 

.468 

10, 030 

.125 

9,000 

.545 

20,  000 

.292 

10,  030 

.020 

12,020 

.878 

8,000 

.539 

11, 990 

.135 

10,  970 

.642 

22,  500 

.310 

11,990 

.023 

14, 050 

.958 

10,  000 

.595 

14, 030 

.145 

12, 070 

.692 

25,  000 

.326 

14,  030 

.027 

16,050 

1.027 
1.090 

12,  000 
14,  000 

.647 
.690 

16,  020 
17, 930 

.152 
.159 

14,  020 
16,410 

.770 
.810 

16,  020 

17,  930 

.032 

18, 100 

.035 

20, 110 

1.148 
1.195 

16,  000 
18, 000 

.727 
.758 

20,  000 
22,  000 

.165 
.171 

18, 150 
20, 470 

.833 
.849 

20,  000 
22,  000 

.039 

22,120 

.043 

24, 000 

1.232 

20, 000 

.787 

24,020 

.176 

22, 030 

.863 

24,  020 

.048 

26,000 

1.272 

26,  000 

.181 

23,800 

.876 

26,  000 

.052 

28,000 

1.303 
1.332 

28,  000 

.185 

26, 060 
27, 900 

.890 
.9M 

28,  000 

.057 

30, 000 

This  formula  is  based  on  the  assumption  that  the 
measured  vakics  of  acceleration  of  the  hub  and  of  the 
rim  and  that  of  the  spring  pressure  are  simultaneous. 
No  experimental  evidence  was  obtained  that  this  as- 
sumption is  correct.  Had  more  test  apparatus  been 
available  it  is  possible  that  some  information  on  this 
point  could  have  been  obtained. 

WHEEL- TIRE  COMBINATIONS  CLASSIFIED  ACCORDING  TO  RESULTS 

OF  STATIC  TESTS 

The  static  load-deflection  curves  of  the  respective 
wheels,  tires,  and  wheel-tire  combinations  are  shown  in 
Figures  6  to  8.     The  relative  facility  with  which  such 

Table  3. — Impact  data  for  tire  NC 


Displacement 

Maximum 

Meas- 

Height 
of 
fall 

Static 

Dynamic 

acceleration 

forco 

Rim    Hub 

Rim 

Hub 

Rim 

Hub 

Rim 

£63. 

Hub 

Spring 

Total 

Total 

In. 

In.  1   In. 

In. 

In. 

Fi.lsec.  2 

Fi.lsec. ! 

Lbs. 

Lbs. 

Lbs. 

Lbs. 

Wheel  WM: 

Rim  weight 439  pounds. 

Hub  weight 1,  242  pounds. 


Total  static  load 3,  533  pounds. 

Unsprung  weight 1,711  pounds. 

Sprung  weight 1,825  pounds. 


0.  523 

0.433 

0.444 

.691 

.440 

.440 

L190 

.444 

.449 

0.824  0.84.' I  154.5'  164.2  2,250 
.890  .9121  189.2  194.3  2,7.57 
1. 053    L08J       259.1;      280.5:3,775 


6,3301  1,13011,421!  10,900 
7,490  1, 000  12,  U.w:  12,700 
10,820         730  17,036,  17,000 


Wheel  RC: 

Rim  weight 496  pounds. 

Hub  weight 1,350  pounds. 


Total  static  load.. 
Unsprung  weight. 
Sprung  weight 


3, 596  pounds. 
1,843  pounds. 
1, 750  pounds. 


.470 

.445 

.480 

.795 

.887 

135.7 

151.6 

2,091;  6,350' 

1,  050 

11,337 

10, 860 

.685 

.438 

.473 

.809 

.976 

159.  6 

189.7 

2,459,  7,050! 

900 

13, 155 

12,700 

1.047 

.445 

.483 

.  979 

1.114 

192.8 

244.8 

2,  970  10,  260i 

700 

15, 770 

1,5,  ,550 

1.510 

.445 

.485 

1.054 

1.253 

2515 

313.1 

3, 920  13, 1301 

470 

19, 366 

19,600 

Wheel  RS: 

Rim  weight 494  pounds. 

Hub  weight 1,  263  pounds. 


Total  stiti 3  load.. 
Unsprung  weight. 
Sprung  weight 


3, 387  pounds. 
1, 757  pounds. 
1, 630  pounds. 


.539 

.421 

.556 

.768 

L094 

148.4 

155.0 

2,278 

6,  070 

730 

10,  841 

9,550 

.690 

.434 

.51:0 

.805 

1.173 

170.3 

177.5 

2,613 

6,960 

fOO 

11,930 

10,600 

1.176 

.441 

.575 

.947 

L416 

250.9 

235.2 

3,850 

10,400 

200 

16,  207 

13,  (00 

L940 

.431 

.569 

1.103 

L703 

378.4 

382.5 

5,805 

15,000 

-425 

22,  137 

18,300 

Table  2. — Weights  of  tires,  elements  of  wheels,  the  unsprung  por- 
tion of  testing  machine,  and  the  total  hub  and  rim  components  for 
each  wheel-tire  combination 

Tire:  Pounds 

NC 282>^ 

NS 202>^ 

WS 146 


Wheel 

Hub 
portion 

Rim 
portion 

Pounds 
135 
137 
110 

Total 

RS 

RC 

WM 

Pounds 
106 
193 
85 

Pounds 
241 
330 
195 

Pounds 

Unsprung  weight  of  impact  machine 1.  157 

Extension  rings  used  with  tire  NC .       76)^ 

COMPOSITE  UNSPRUNG  WEIGHTS 


Rim  component 
Hub 

Wheel          com- 
ponent \    Tire 
NC 

Tire       Tire 
NS         WS 

Pounds  Pounds 

RS :  1,263          494 

RC 1,350          496 

WM i  1,242          469 

i 

Pounds 
338 
340 
313 

Pounds 
281 
283 
256 

Table  4. — Impact  data  for  tire  NS 


Displacement 

Maximum 

Meas- 
ured 
force 

Height 
of 
faU 

Static 

Dynamic 

acceleration              ^umpu.ou  m.uo 

Rim 

Hub 

In. 

Rim 

Hub 

Rim 

Hub 

Rim 

Hub 

Spring 

Total 

Total 

In. 

In. 

In. 

In. 

Ft.jsec. ! 

Ft.lsec.  2 

Lbs. 

Lbs. 

Lbs. 

Lbs. 

Lbs. 

Wheel  WM: 

Kim  weight 313  pounds. 

Hub  weight 1,242  pounds. 


Total  static  load 3, 555  pounds. 

Unsprung  weight 1,5.55  pounds. 

Sprung  weight 2, 000  pounds. 


0.442   0.342 
.708;     .335 
1.1831    .343 

0.342 
.  335 
.344 

0.  610 
.070 
.788 

0.623 

.685 
.818 

171. 91 
228.01 
343.  2j 

185.6 
252.5 
384.5 

1,672 
2,217 
3,336 

7,160 
9,740 
14, 830 

1.500  11,887    11,100 
1,40014,912    14,400 
1,175  20, 89(:    21,400 

Wheel  RC: 

Rim  weight. 
Hub  weight. 


340  pounds. 
1, 350  pounds. 


Total  static  load... 
Unsprung  weight.. 
Sprung  weight 


.425 
.696 
L188 


.  3431  .  385! 
.338  .377 
.  336     .  375i 


.  5801  .  674 
.6,521  .768 
.  762     . 918 


132.  C 
1.59. 6 
236.6 


16L7[  1,4001  6,7801 
224.4'  1,6851  9,410i 
3413   2,49814,430j 


.  3, 610  pounds. 
.  1,690  pounds. 
.  1,920  pounds. 

1,425111,295  11,050 
1,25014,035  14,000 
l,000il9,C18    19,  COO 


Wheel  RS: 

Kim  weight.. 
Hub  weight. 


338  pounds. 
1, 233  pounds. 


.,521 

.332 

.471 

.708 

.315 

.456 

1.077 

.323 

.4C0 

1.562 

.334 

.476 

.5451    .8961  167.3' 

.580]     .973  211.11 

.0.50    1.132  315.7 

.735!  1.328  48L4 


Total  static  load.. 
Unsprung  weight- 
Sprung  weight 


153.51  1,750 
179.5:  2,210 
254.5;  3,312 
.342.2   5,052 


6,020| 
7,040 
9, 980 
13,  425 


.  3,351  pounds. 
.  1, 001  pounds. 
.  1,  750  pounds. 

1,04010,4171  9,630 

920  11,777  11,150 

67015,503  14,300 

350|20,428  18,600 
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Table  5. — Impact  data  for  tire  WS 


Displacement 

Maximum 

Meas- 
ured 
force 

Height 
of 
fall 

Static 

Dynamic 

acceleration 

Rim 

Hub 

Rim 

Hub 

Rim 

Hub 

Rim 

Hub 

Spring 

Total 

Total 

In. 

In. 

In. 

In. 

In. 

Ft./sec. ' 

Ft./sec.  2 

Lbs. 

Lbs. 

Lbs. 

Lbs. 

Lbs. 

Wheel  WM: 

Rim  weight 2.56  pounds. 

Hub  weight 1,  242  pounds. 


Total  static  load 3,888  pounds. 

Unsprung  weight 1,  498  pounds. 

Sprung  weight 2,390  pounds. 


0.134 

0.115 

0.122 

0.138 

0.142 

11.5.3 

123.  9 

916 

4,780 

2.370|  9,564 

7,  670 

.224 

.112 

.114 

.1.59 

.172 

159.  6 

195.8 

1,269 

7,550 

2,  275ll2,.592 

12,  300 

.334 

.119 

.121 

.183 

.211 

207.1 

203.7 

1,  646 

10,  170 

2,  230  15,  544 

16,  490 

.493 

.105 

.110 

.192 

.230 

298.9 

349.4 

2,376 

13,  480 

2,200,19,554 

j 

20,440 

Wheel  RC: 

Rim  weight 283  pounds. 

Hub  weight 1,350  pounds. 


Total  static  load 3,908  pounds. 

Unsprung  weight 1,  633  pounds. 

Sprung  weight 2,  275  pounds. 


.188 
.429 
.700 

.139; 

.124 

.1381 

.175 
.174 
.180 

.165 
.196 
.220 

.255 
.3.35 
.397 

68.9 
205.5 
377.9 

126.  0 
22.5.4 
329.0 

605    5,280 
1,806   9,450 
3,  320  13,  800 

2,150 
2,025 
1,900 

9,6681     8,750 
14,914    15,4.50 
20,653    21,100 

Wheel  RS: 

Rim  weight 281  pounds. 

Hub  weight 1,  263  pounds. 


Total  static  load 3,  694  pounds. 

Unsprung  weight 1,  544  pounds. 

Sprung  weight 2, 150  pounds. 


.482 
.718 
1.183 


.112 

.2,-0 

.160 

.555 

552.  3 

181.  f 

4,820 

7,120 

1,625 

15, 109 

.124 

.265 

.183 

.  650 

741.0 

243.3 

6,4G5 

9,540 

1,  475 

19,  024 

.140 

.280 

.222 

.81P 

1,  243.  4 

362.  1 

10,  850 

14,200 

1,200 

27,  794 

11,800 
15,  300 
21,  800 


curves  may  be  obtained  would  make  them  a  convenient 
means  of  determining  relative  cushioning,  provided  the 
conclusions  reached  as  a  result  of  static  and  impact  tests 
were  compatible.  The  following  discussion  is  primarily 
concerned  with  those  cases  which  do  not  involve  inter- 
secting curves  or  curves  closely  adjacent  to  one  another. 

The  critical  factor  affecting  the  magnitude  of  impact 
forces  is  the  acceleration  (or  deceleration)  of  the  vertical 
motion.  This  rate  of  change  in  vertical  velocity  will 
depend  upon  the  magnitude  of  the  initial  velocity  and 
the  character  of  the  resistance  of  the  cushioning 
medium.  A  less  stiff  medium  deflects  further  and 
therefore  requires  a  longer  time  interval  to  reduce  the 
vertical  velocity  to  zero.  For  such  media  as  are  of 
interest  in  this,  problem,  the  longer  the  time  interval 
consumed  in  changing  velocity  the  lower  the  rate  of 
change,  or  acceleration,  will  be. 

In  either  static  or  impact  tests,  the  work  done  on  a 
given  cushioning  medium  is  the  same  (neglecting 
hysteresis  effects)  where  a  given  maximum  resisting 
force  has  been  reached,  regardless  of  the  time  involved, 
and  is  therefore  a  valid  basis  for  comparisons.  The 
area  between  the  load-deflection  curve  and  the  deflec- 
tion axis,  between  the  limits  of  zero  and  the  specified 
maximum  load,  is  a  direct  measure  of  the  work  done. 
If  the  load-deflection  curves  were  rectilinear,  the  work 
done  would,  of  course,  be  proportional  to  the  deflection. 
Where  the  curves  are  obviously  analagous  or  similar,  as 
in  the  respective  groups  in  these  tests,  the  areas  repre- 
senting the  amounts  of  work  done  will  bear  approxi- 
mately the  same  relations  as  the  deflections  procluced. 
Thus,  an  order  of  stifl'ness  based  upon  the  relative  de- 
flections under  a  given  static  load  is  readily  obtainable 
and  is  reasonably  sound  physically,  particularly  where 
the  respective  curves  do  not  intersect. 

On  the  above  basis  the  static  load-deflection  curves 
indicate  that  the  arrangement  of  the  wheels  in  the  order 
of  increasing  stifl'ness  is: 

(1)  Wheel  RS,  cushion — shear  type; 

(2)  Wheel  RC,  cushion — compression  type; 


(3)  Wheel  WM,  rigid — artillery  type; 
and  of  the  tires: 

(1)  Tire  NC,  new  cushion; 

(2)  Tires  NS,  new  solid; 

(3)  Tire  WS,  worm  solid. 

The  arrangement  of  the  wheel-tire  combinations,  in 
the  order  of  decreasing  stiffness,  is  given  in  Table  6. 
This  arrangement  is  based  on  the  static  tests,  but  it 
should  be  kept  in  mind  that  the  possible  differential 
action  of  the  component  parts  of  the  cushion  wheels 
under  impact  conditions  might  result  in  local  changes  in 
an  order  of  stifl'ness  based  upon  impact  tests.  It  should 
also  be  noted  that  very  small  dift'erences  in  the  deflec- 
tions at  a  given  load  do  not  indicate  appreciable  differ- 
ences in  stifl'ness  and  should  not  be  accepted  as  a  rigid 
criterion. 


Table  6.- 


-Defledions  of  wheel-iirc  cornbinaiions  under  static 
loads 


Load  or  resisting  force 

Wheel-tire  combination 

10,000 
pounds 

15,000 
pounds 

20,000 
pounds 

WM-WS                            

Inches 
0.15 
.31 
.62 
.72 
.79 
.81 
.98 
1.20 
1.38 

Inches 

0.18 

.40 

.74 

.93 

.96 

1.02 

1.24 

1.49 

L78 

Inches 
0.21 

RC-WS- 

.46 

WM-NS 

.82 

RS-WS 

1.01 

RC-NS 

1.08 

WM-NC-                  

1. 18 

RC-NC- 

1.44 

RS-NS                                  .  - 

1.63 

RS-NC 

1.99 

As  will  be  seen  later,  the  load-deflection  relations  for 
the  tires  under  static  and  impact  conditions  appear  to 
be  compatible,  and  the  stifl'ness  series  established  by 
the  static  tests  agree  in  general  with  those  of  the  impact 
tests. 

IMPACT     TEST    RESULTS    SHOW    SAME    ORDER    OF    CUSHIONING 
QUALITY  AS  INDICATED  BY  STATIC  TESTS 

In  the  preceding  discussion  of  the  static  tests  it  was 
assumed  that  the  relative  stiffness  of  a  wheel-tire  com- 
bination should  be  based  upon  the  work  done  or  energy 
absorbed  in  developing  a  given  resisting  force.  The 
system  being  conservative,  it  follows,  disregarding  in- 
cidental losses,  that,  when  the  maximum  resisting  force 
or  impact  jDressure  is  attained,  the  work  done  on  the 
cushioning  elements  is  equal  to  the  kinetic  energy  at 
the  instant  of  impact.  This  kinetic  energy  is  equal  to 
the  potential  energy  put  into  the  system  by  raising  its 
mass  above  the  contact  position  against  the  influences 
gravity  and  of  the  truck  spring.  The  gravity  com- 
ponent is,  of  course,  dependent  upon  the  height  of  fall 
or  distance  the  mass  is  raised  above  contact.  Since 
the  truck-spring  pressure  at  contact,  or  initial  deflection, 
was  maintained  constant  throughout  all  test  conditions, 
the  spring  component  is  also  dependent  upon  the  height 
of  fall  or  added  deflection  beyond  the  contact  position. 
Under  these  conditions  the  height  of  fall  is  an  approxi- 
mate measure  of  the  energy  available  at  that  instant. 
It  therefore  follows  that  the  height  of  fall  required  to 
develop  a  given  maximum  resisting  force  or  reaction 
between  the  tires  and  the  Kreuger  cell  is  a  useful 
measure  of  the  relative  stiffness  of  the  w'heel-tire  com- 
binations under  the  particular  impact  test  conditions. 

The  impact  forces  developed  by  the  three  wheels  (as 
measured  by  the  Kreuger  cell)  are  plotted  against  the 
corresponding  heights  of  drop  in  Figures  9,  10,  and  11, 
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each  figure  representing  one  tire  condition.  The  rchi-  (Table  6).  A  greater  height  of  fall  indicates  a  greater 
tive  stiffness  of  the  wheels  may  be  found  for  each  tire  amount  of  energy  absorbed,  and  therefore  a  less  stiff  or 
condition  by  comparing  the  heights  of  fall  required  to 
develop  a  given  impact  pressure.     A  comparison  of  all 
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Figure  9. — Impact  Force  Developed  by  Each  Type 
OF  Wheel  as  Measured  by  Kreuger  Cell.  Wheels 
Equipped  with  Dual  New  Cushion  Tires 
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Figure  10. — Impact  Force  Developed  by  Each  Type 
of  Wheel  as  Measured  by  Kreuger  Cell.  Wheels 
Equipped  with  Dual  New  Solid  Tires 

of  the  wheel-tire  combinations  may  be  made  from 
Figure  12.  The  heights  of  fall  required  to  develop 
given  impact  pressures  are  given  in  Table  7  in  the  oi'der 
of  decreasing  stifl'ness   derived   from   the   static   tests 
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Figure  12. — Impact  Force  Developed  by  Each  Wheel- 
Tire  Combination  as  Measured  by  Kreuger  Cell 

better  cushioning  combination.  Table  7  shows  that 
the  heights  of  drop  generally  increase  with  the  pre- 
viouslj"  established  order  of  decreasing  stiffiu'ss. 
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Table  7. — Heights  of  drop  for  given  impact  forces 


Wheel-tire  combination 

Impact  pressure  measured  by 
Kreuger  cell 

10,000 
pounds 

15,000 
pounds 

20,000 
pounds 

WM-WS                 - - 

Inches 
0.18 
.23 
.35 
.36 
.33 
.45 
.38 
.57 
.60 

Inches 
0.29 

.41 
.75 
.70 
.79 
.95 
.98 
1.10 
1.41 

Inches 
0.47 

RC-WS                                               --- 

.64 

WM-NS                               - 

1.10 

RS-WS                                                      

1.05 

RC-NS                                       - 

1.22 

WM-NC                                                                   

RC-NC        - - 

1.55 

RS-NS                                    

1.71 

RS-NC            

12.20 

9  to  11  leads  to  the  conclusion  that  the  less  effective 
the  cushioning  quality  of  the  tke  equipment  the  more 
effective  will  be  the  cushioning  quality  of  the  wheel. 

Table  9. — Influence  of  tire  equipment  on  impact  force 


'  Extrapolated  result. 

The  data  presented  in  Table  7  show  the  variations 
in  test  conditions  which  were  necessar}'^  to  cause  the 
different  wheel-tire  combinations  to  produce  impact 
reactions  of  equal  magnitudes.  In  Table  8  the  data 
are  presented  to  show  the  variations  in  the  magnitude 
of  the  impact  forces  produced  by  the  wheel-tire  com- 
binations under  identical  test  conditions.  Here  the 
order  of  listing  is  the  same  as  before,  and,  with  the 
exception  of  two  combinations  which  indicate  a  rela- 
tively unimportant  reversal  at  heights  of  drop  of  1  inch 
or  less,  the  arrangement  indicates  increasing  cushioning 
qualities  from  top  to  bottom,  as  in  Table  6.  It  should 
be  emphasized  that  where  there  are  only  slight  differ- 
ences in  cushioning  qualities  another  test  condition 
should  be  sought  as  a  criterion,  and  preferably  the 
criteria  should  be  based  on  many  tests  under  a  wide 
variation  in  test  conditions. 

Table  8. — Magnitude  of  impact  forces  for  given  heights  of  drop 


Wheel-tire 

Height  of  drop  in  inches 

combination 

0.25 

0.50 

0.75 

1.00 

L25 

L50 

1.75 

2.00 

WM-WS 

Pounds 
13,  500 
10,  700 

Pounds 
20,  fiOO 
17, 100 
11,800 
12,000 
11,900 
10,600 
11,100 
9.400 
9,300 

Pounds 

Pounds 

Pounds 

Pounds 

Pounds 

Pounds 

RC-WS 

21,  900 
15,000 
15,  800 
14,  600 
13,  300 
13,200 
11,500 
11,000 

1 

WM-NS.   . 

18,  400 
19,300 
17,400 

22,700 
22,600 
20.  400 

RS-WS__ 

RC-NS_ 

WM-NC...     - 

15,400  :   17,400 
15,200      17.300 

■ 

RC-NC 

19,500 
18,000 
15,500 

RS-NS 

13,  600 
12,  500 

15,800 
14,000 

20,400 
17,  100 

RS-NC 

18,700 

CHARACTER  OF  TIRES  AFFECTS  CUSHIONING  QUALITY  OF  WHEEL 

In  determining  the  relative  cushioning  qualities  of 
various  wheels,  the  tire  equipment  used  in  testing  is  an 
important  factor.  If  the  tires  in  themselves  are 
capable  of  a  considerable  cushioning  action,  then  the 
cushioning  quality  of  the  wheel  is  relatively  of  less  im- 
portance. On  the  other  hand,  the  cushioning  qualities 
of  wheels  may  become  very  pronounced  when  inferior 
tire  equipment  is  used.  This  is  evident  in  comparing 
the  curves  (figs.  9  to  11)  for  the  wheels  when  equipped 
with  different  tu'es.  Table  9  shows  that  there  is  little 
difference  between  wheel  RC  and  wheel  WM  when 
cushion  tii-es  NC  are  used  and  a  small,  though  appreci- 
able, difference  between  wheel  RS  and  wheel  WM  with 
the  same  tires.  There  is  a  marked  difference,  however, 
between  wheel  WM  and  cither  of  the  cushion  wheels 
when  worn  solid  tires  WS  are  used.  In  Table  9  the 
values  for  the  cushion  wheels  have  also  been  expressed 
as  a  percentage  of  the  value  for  the  rigid  wheel  for  the 
same  test  conditions.     A  study  of  Table  9  and  Figures 


Tire 

Wheel 

Height  of  drop  to 
produce    15,000- 
pound      impact 
force 

Impact  force  for  0.5 
inch     height     of 
drop 

WM                      -  - 

Inches 
0.29 
.41 
.70 
.95 
.98 
1.41 

Per  cent 
100 
141 
241 
100 
103 
148 

Pounds 
20,600 
17,100 
12,000 
10,600 
11,100 
9,300 

Per  cent 
100 

WS 

mc... 

83 

RS 

58 

WM 

100 

NC 

mc 

105 

RS     

88 

STATIC  VERSUS  IMPACT  TESTS 

In  making  a  direct  comparison  of  the  static  and 
dynamic  behavior  of  the  wheels,  it  is  necessary  to 
compare  load-deflection  curves  for  the  two  conditions. 
The  static  and  impact  load-deflection  data  have  been 
plotted  for  the  three  wheels,  equipped  with  cushion 
tires  (fig.  13),  solid  tires  (fig.  14),  and  worn  tires  (fig. 
15).  In  Figure  16  the  impact  load-deflection  curves 
are  given  for  all  wheel-tire  combinations. 

Figures  13  to  15  show  that  rigid  wheel  WM  deflects 
approximately  equal  amounts  under  static  and  impact 
loads  of  equal  magnitudes  regardless  of  the  tire  equip- 
ment. It  is  also  evident  that  cushion  wheels  RC  and 
RS  deflect  noticeably  less  (from  10  to  30  per  cent) 
under  impact  pressures  than  under  static  pressures  of 
the  same  magnitude.  This  difference  between  the 
deflections  under  static  and  dynamic  conditions  may 
be  due  to  the  tire,  the  wheel,  or  the  particular  combina- 
tions involved.  By  plotting  the  tire  deflection  (rim 
displacement  after  contact)  against  impact  pressure 
as  measured  by  the  Kreuger  cell  (fig.  17)  and  comparing 
with  the  static  load-deflection  curves,  it  is  seen  that  the 
tires  deflect  approxunately  the  same  amounts  under 
impact  loads  as  they  do  under  equivalent  static  loads. 
A  like  comparison  can  not  be  made  of  the  deflections 
of  the  wheels  alone  under  static  and  impact  conditions, 
because  a  direct  measurement  of  the  impact  pressures 
at  the  wheels — i.  e.,  between  the  wheel  and  tires — can 
not  readily  be  made.  We  are  led  to  believe,  however, 
that,  since  the  cushioning  media  of  the  tires  acted  in 
substantially  the  same  manner  under  static  and  impact 
conditions,  the  cushioning  media  of  the  wheels,  being 
of  the  same  material,  would  do  hkewise.  The  differ- 
ences mentioned  above  are  probably  due  to  some  in- 
herent characteristics  of  the  particular  wheel-tire 
combination,  such  as  those  caused  by  variations  in  the 
rim  mass  and  the  relative  stiffness  of  the  two  cushioning 
media. 

A  reasonable  explanation  of  the  differences  in  the 
deflection  of  the  wheel-tire  combinations  under  static 
and  dynamic  conditions  may  be  made  if  the  wheel  and 
tire  do  not  develop  their  maximum  pressures  simul- 
taneously. The  tires  must  develop  a  greater  resisting 
force  than  the  wheel,  because  the  kinetic  energy  of  the 
rim  {MrAr  in  the  formula)  must  be  absorbed  by  the 
tires  or  pavement  and  does  not  react  on  the  wheel. 
On  the  other  hand,  the  energy  stored  up  in  the  hub 
(MkAh)  is  absorbed  by  the  cushioning  medium,  if  any, 
of  the  wheel,  as  well  as  by  the  tires  and  pavement. 
The  unsprung  masses  and  the  ratios  of  the  unsprung 
masses  to  their  respective  cushioning  elements  can  so 
modify    the   development   of   resisting   forces   by    the 
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DEFLECTION  —INCHES 

Figure  13. — Comparison  of  Total  Deflections  of  Differ- 
ent Wheels  Equipped  with  New  Cushion  Tires  under 
Impact  and  Static  Loads 
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Figure  14. — Comparison  of  Total  Deflections  of  Dif- 
ferent Wheels  Equipped  with  New  Solid  Tires 
under  Impact  and  Static  Loads 

various  cushioning  media  in  the  system  that  the  mag- 
nitude of  the  reaction  at  the  pavement  is  considerably 
affected. 

The  combined  deflections  of  the  wheel-tire  combina- 
tions are  given  for  several  impact  force  magnitudes  in 
Table  10.  The  deflection  values,  which  are  the  dis- 
placements of  the  hub  after  the  tire  makes  contact 
with  the  Kreuger  cell,  arc  taken  from  Figure  16.  The 
arrangement  of  the  series  is  the  same  as  in  Tables  6 
to  8,  and  it  is  evident  that  the  combined  deflections  of 
the  wheel-tire  combinations  under  impact  conditions 
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Figure  15. — Comparison  of  Total  Deflections  of  Dif- 
ferent Wheels  Equipped  with  Worn  Solid  Tires 
under  Impact  and  Static  Loads 
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Figure  16. — Comparison  of  Deflections  of  All  Wheel- 
Tire  Combinations  under  Impact  Loads 

(Table  10)  show  the  same  general  tendencies  that  they 
did  under  static  conditions  (Table  6).  The  fact  that 
rio-id  wheel  WM  and  cushion  wheel  RC  show  a  differ- 
ence appreciably  loss  under  impact  conditions  than 
they  do  under  static  conditions  is  attributed  to  the 
material  increase  in  the  mass  of  wheel  RC  (see  Table  2) 
without  a  sufficient  compensating  decrease  in  stiffness 
(see  fig.  6). 
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STATIC    LOAO-DEFLECTION    CURVES 

FOR    DUAL     TIRES 
WS      WORN     SOLID, 
NS      NEW     SOLID 
NC      NEW    CUSHION. 
IMPACT    LOAD- DEFLECTION    DATA    FOR     THE 

RESPECTIVE      TIRE     EQUIPMENTS 
0     RIGID    WHEEL  -ARTILLERY     TYPE. 
IC     CUSHION     WHEEL- COMPRESSION     TYPE, 
a     CUSHION     WHEEL- SHEAR    TYPE. 

A 

SING 

e 

-RIGID   WHEEL-             1 
.E   PNEUMATIC  TIRE    | 

DEFLECTION   —  INCHES 

Figure    17. — Load    vs.    Deformation    of   Tire    Equip- 
ments 

Table   10. — Cumbincd  deflections  of  wheel  and  tire  for  given  impact 

forces 


Wheel-tire  combination 

Impact  pressure  on 
cell 

Kreuger 

10,000 
pounds 

15,000 
pounds 

20,000 
pounds 

WM-WS 

Inches 
0.16 
.27 
.60 
.50 
.64 
.80 
.84 
.91 
1.13 

Inches 

0.20 

.33 

.70 

.64 

.80 

1.01 

1.09 

1.17 

1.51 

Inches 
0.23 

RC-WS 

.39 

WM-NS 

.79 

RS-WS 

RC-NS 

.92 

WM-NC 

1.18 

RC-NC..__ 

1.26 

RS-NS 

1.38 

RS-NC 

1.79 

COMPUTED  VERSUS  DIRECTLY  MEASURED  IMPACT  FORCES 

Throiigliout  this  report  the  directly  measured  forces 
(by  the  Kreuger  cell)  have  been  used  as  a  basis  for  com- 
parison. I.n  the  case  of  the  computed  forces,  there  is  no 
certainty  that  the  maximum  acceleration  values  used 
in  the  computations  are  simultaneous  in  their  occur- 
rence. If  they  are  not  simultaneous,  greater  maximum 
forces  would  be  indicated  as  reacting  between  the  tire 
and  the  pavement  than  actually  existed.  Referring  to 
Tables  3  to  5,  it  is  noted  that  the  computed  force 
exceeded  the  Kreuger  force  for  about  80  per  cent  of  the 
test  conditions.  Although  the  theory  concerning  the 
nonsimultaneous  attainment  of  maximum  acceleration 
values  is  mathematically  tenable,  it  is  not  conclusively 
proved  by  the  above-mentioned  residts.  Everything 
considered,  however,  it  is  thought  that  the  forces  indi- 
cated by  the  Kreuger  cell  aiford  a  more  uniform  or 
standardized  basis  for  comparing  impact  reactions  in 
these  tests. 


TEST    CONDITIONS    AFFECT    RELATION    BETWEEN    RIM    AND    HUB 
ACCELERATIONS 

A  detailed  discussion  concerning  the  time  relation  of 
the  hub  and  rim  accelerations  of  the  various  wheel-tire 
combinations  is  probably  intimately  related  to  a  discus- 
sion of  the  magnitudes  of  these  accelerations.  Such  a 
discussion  is,  however,  more  properly  in  a  field  of  study 
for  automotive  engineers  and  will  not  be  attempted 
here  other  than  to  note'  that  rim  acceleration  may  be 
greater  than,  equal  to,  or  less  than  hub  acceleration 
according  to  the  variations  in  test  conditions. 

PNEUMATIC  TIRES  ON  RIGID  WHEELS  COMPARED  WITH  CUSHION 

WHEELS 

Since  cushion  wheels  in  themselves  may  contribute 
some  cushioning  in  addition  to  that  afforded  by  the 
tires,  the  question  naturally  arises  as  to  how  such 
wheels  equipped  with  solid  or  cushion  tires  compare 
with  pneumatic  equipment  on  rigid  wheels.  The 
desirability  of  having  information  on  this  point  was 
recognized,  and  the  original  program  was  amplified 
somewhat  to  provide  the  data. 

There  are  two  types  of  pneumatic  equipment  which 
are  considered  standard  for  the  wheel  loads  used  in 
these  tests.  These  are  40-inch  by  8-inch  single  and 
36-inch  by  6-inch  dual  tires.  Although  for  purposes  of 
direct  comparison  with  the  other  tire  equipments  used 
in  the  program  it  would  have  been  preferable  to  test 
the  dual  pneumatic  tires,  this  was  not  possible,  because 
of  certain  space  limitations  in  the  impact-testing 
machine.  The  data  for  the  combination  of  rigid 
wheel  and  penumatic  tire  given  in  Table  11  were  ob- 
tained with  a  40-inch  by  8-inch  tire  inflated  to  a  pres- 
sure of  105  pounds  per  square  inch.  The  data  are 
also  shown  as  dotted  curves  in  Figures  8,  12,  16,  and  17. 
The  effect  of  using  the  single  instead  of  the  replacement 
size  dual  tires  is  to  increase  somewhat  the  cushioning 
shown  by  the  pneumatic  equipment.  The  magnitude 
of  this  effect  may  be  judged  by  data  obtained  in  prev- 
ious tests  ^  where  it  was  shown  that,  on  the  average, 
the  impact  reaction  of  dual  pneumatic  36-inch  by  0-inch 
tires  was  about  120  per  cent  of  that  of  a  single  40-inch 
by  8-inch  tire,  all  other  test  conditions  being  the  same. 

It  is  evident  from  the  data  obtained  that,  after 
making  ample  allowance  for  the  added  stiffness  of 
replacement  size  dual  tires,  the  pneumatic  tire  and 
rigid  wheel  equipment  provides  somewhat  greater 
cushioning  (as  indicated  by  lower  impact  reactions  for 
the  same  test  condition)  than  does  even  a  new  cushion 
tire  on  either  of  the  cushion  wheels  tested. 

Table   11. — Impact  test  data  for  a  single  pneumatic  tire  on  a  rigid 

wheel 

Uasprung  weight,  1,39,3  pounds;  sprung  weight,  1,200  pounds;  total  weight,  2,595 

pounds] 


Height 
of  fall 

Displacement 

Acceler- 
ation 

Computed  force 

Measured 
force 

Static 

Dynamic 

Hub 

Spring 

Total 

Inches 
0.812 
1.270 
1.274 
1.793 

Inches 

0.688 

.682 

.692 

.693 

Inches 
1.613 
1.841 
1.890 
2.168 

Ft.lsec. 
155.  5 
199.7 
210.1 
243.9 

Pounds 
6,740 
8,650 
9,100 
10, 570 

Pounds 

-250 

-700 

-800 

-1,300 

Pounds 

7,885 
9,345 
9,695 
10, 665 

Pounds 
7,500 
8,600 
9,600 
11,500 

'  See  refcrenoes  in  footnotes  2,  3,  and  4. 

(Continued  on  page  97) 


A  TEST  FOR  INDICATING  THE  SURFACE  HARDNESS 

OF  CONCRETE  PAVEMENTS 

Reported  by  L.  W.  TELLER,  Senior  Engineer  of  Tests,  Division  of  Tests,  United  States  Bureau  of  Public  Roads 


THERE  has  long;  been  a  need  for  a  test  which  would 
indicate  the  surface  hardness  of  concrete  pave- 
ments. While  normally  the  wear  produced  by 
rubber-tired  vehicles  is  not  serious,  there  are  cases 
where  the  surfaces  of  concrete  pavements  have  not 
possessed  the  necessary  resistance  and  appreciable 
wear  has  occurred.  The  engineer  has  had  no  way  of 
measuring  the  effect  on  surface  hardness  of  factors 
such  as  sand-cement  ratio,  type  of  sand,  admixtures 
or  methods  of  curing,  and  for  this  reason  there  is  a 
noticeable  lack  of  data  on  the  subject  of  wear  resist- 
ance. A  number  of  methods  of  test  have  been  pro- 
posed at  different  times  but  none  of  these  has  come 
into  general  use.  This  paper  describes  a  device  which 
has  been  developed  by  the  Bureau  of  Public  Roads  for 


wear  unit  which  is  shown  in  Figure  2  consists  of  a 
roughly  circular  steel  plate  carrying  three  100-pound 
segmental  lead  weights  and  su])ported  by  the  three 
tangential  wheels  mentioned  above.  This  plate  re- 
volves around  a  vertical  spindle  at  its  center.  The 
wheels  are  8  inches  in  diameter,  have  a  );J-inch  half- 
round  face  or  edge  and  are  made  of  hardened  steel, 
The  path  followed  by  the  wheels  is  21  inches  in  diam- 
eter. The  total  weight  of  the  unit  is  463.5  pounds  or 
618  pounds  per  inch  of  width  of  the  supporting  wheels. 
The  speed  of  rotation  of  the  plate  is  about  35  revolu- 
tions per  minute.  Thus,  any  given  point  in  the  wear 
path  is  subjected  to  105  wheel  applications  per  minute 
The  spindle  in  the  center  of  the  plate  is  connected 
through  a  knuckle  to  a  vertical  shaft  set  in  a  long 
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Figure  1. — General  View  of  Complete   M.'VCIune 


indicating,  by  tests  in  place,  the  surface  hardness  of 
concrete  pavements.  It  was  designed  primarily  to 
secure  data  on  the  relative  surface  hardness  of  con- 
crete cured  by  different  processes  and  has  been  in  use 
sufficiently  to  demonstrate  its  usefulness. 

THE  WEAR  MACHINE  DESCRIBED 

The  principle  of  the  machine,  which  is  shown  in 
Figure  1,  is  very  simple.  Three  narrow  steel  wheels, 
placed  tangentially  to  a  single  circular  path  (fig.  2), 
are  caused  to  roll  along  this  path  at  a  constant  speed 
and  under  a  constant  load.  The  depth  of  wear  pro- 
duced in  the  circular  path  by  any  given  number  of 
wheel  passages  is  used  as  a  measure  of  the  hardness  of 
the  surface  being  tested. 

Mechanically  the  machine  is  not  complex.  It  con- 
sists primarily  of  a  wear  unit  and  a  power  unit.     The 


vertical  bearing  in  the  center  of  the  frame  or  power 
unit  shown  in  Figure  3.  This  shaft  is  turned  by  a 
l)2-horsepower  electric  motor  operating  tlirough  a 
worm  and  worm  gear.  The  shaft  carries  a  spline  which 
])ermits  it  to  move  up  or  down  through  the  worm  gear. 
As  the  wheels  wear  into  the  concrete  the  vertical  shaft 
moves  downward  through  the  gear,  since  the  shaft  is 
connected  firmly,  although  not  ligidly,  to  the  rotating 
plate  and  the  gear  housing  is  fixed  in  the  supporting 
frame.  This  arrangement  permits  a  determination  of 
the  depth  of  wear  at  any  time  by  a  measurement  of 
the  position  of  the  end  of  the  vertical  shaft  with  respect 
to  any  fixed  point,  such  as  the  gear  housing. 

This  method  of  measurement  is  shown  in  Figiu-e  4. 
When  readings  are  being  made,  a  steel  U-frame  is 
I)laced  on  two  ground  steel  surfaces  set  in  the  top  of 
the  gear  housing.     This   frame   carries   a  micrometer 
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dial  reading  to  thousandths  of  an  inch  and  the  stem  of 
the  dial  bears  against  the  end  of  the  vertical  driving 
shaft.  A  revolution  counter  is  actuated  by  a  cam  on 
the  vertical  shaft  and  may  be  seen  back  of  the  left  leg 
of  the  U-frame  shown  in  Figure  4.  This  counter 
registers  the  number  of  revolutions  of  the  main  plate. 

Power  may  be  supplied  from  any  source,  such,  for 
instance,  as  a  drill  spindle,  but  the  electric  drive  shown 
in  the  photographs  has  been  found  to  be  very  con- 
venient and  has  the  added  advantage  that  the  device 
may  be  taken  anywhere  in  the  field,  provided  that  a 
small  gasoline  engine-driven  generator  is  available. 

It  should  be  mentioned  that  wear  wheels  of  soft  steel 
were  tried  at  first.  Although  not  entirely  unsatis- 
factory, they  are  not  nearly  so  well  suited  to  the  pur- 
pose as  the  high-grade  steel  which  has  been  hardened 
(and  ground  if  necessary). 

TEST  PROCEDURE  SUITED  TO  FIELD  USE 

When  the  machine  is  being  transported  the  frame  is 
lifted  off  from  the  wear  unit  and  is  reassembled  just 


Figure  2. — The  Wear  Unit,  Consisting  of  Three  Tan- 
gential Steel  Wheels,  Supporting  a  Constant 
Load  of  618  Pounds  per  Inch  of  Wheel  Width 

before  a  test  is  made.  This  adds  greatly  to  the  porta- 
bility of  the  machine. 

The  spot  chosen  for  a  test  should  be  as  smooth  as 
possible,  since  data  which  are  obtained  from  a  rough 
surface  are  likely  to  be  erratic  during  the  early  part  of 
the  test.  The  wear  unit  is  placed  in  pdfeition  over  the 
spot  to  be  tested  and  the  frame  is  lowered  over  it.  The 
knuckle,  which  couples  the  vertical  shaft  to  the  wear 
\mit,  is  connected,  and  the  three  locking  springs,  which 
hold  this  knuckle  in  firm  contact  at  all  times,  are 
fastened.  The  motor  is  connected  to  the  power  supply 
and  the  machine  is  set  in  motion.  After  the  plate  has 
revolved  four  or  five  times  a  set  of  initial  readings 
is  taken. 

The  procedure  in  taking  readings  is  as  follows:  The 
position  of  No.  1  wheel  is  marked  on  the  pavement  and 
a  reading  is  made  with  the  micrometer  dial  The  plate 
is  then  revolved  through  30°  and  another  dial  reading 
taken,  the  position  of  No.  1  wheel  being  again  marked 
on  the  pavement.  The  plate  is  revolved  through 
another  30°,  a  third  dial  reading  is  taken  and  the  posi- 
tion again  marked.  These  three  dial  readings  are 
averaged  for  the  initial  or  zero  wear  reading.  The 
machine  is  now  set  in  motion  and  the  plate  is  revolved 


any  desired  number  of  times,  say  25  or  50,  after  which 
another  series  of  readings  is  taken,  care  being  exercised 
that  the  position  of  the  plate  is  the  same  each  time  as 
it  was  when  the  zero  readings  were  made.  It  has  been 
found  that  at  least  three  readings  are  necessary  to 
obtain  a  good  average  value  for  the  depth  of  wear. 
Actually,  this  average  is  that  of  nine  points  on  the 
wear  track. 

After  reading  the  depth  of  wear  the  plate  is  again 
rotated   the   specified   number   of   times   and   another 


Figure  3. — The   Driving   Unit   with    the    Wear    Unit 
Removed 

series  of  readings  is  made.  Experience  will  show  the 
total  number  of  revolutions  which  will  constitute  a 
satisfactory  test.  In  the  tests  so  far  conducted  be- 
tween 1,000  and  1,500  revolutions  per  test  have  been 
used  and  it  is  believed  that  this  number  is  ample.     The 


Figure  4. — Steel  U-frame  Used  in  Making  Measure- 
ments OF  the  Depth  of  Wear.  Operating  Switch, 
Driving  Motor  and  Revolution  Counter  Are  Also 
Shown 

results  are  purely  comparative,  however,  no  attempt 
having  been  made  to  standardize  the  test. 

It  was  thought  that  the  consistency  of  the  data 
might  be  affected  by  the  accumulation  of  dust  in  the 
path  of  wear.  This  possibility  was  investigated  by 
running  a  number  of  duplicate  tests,  in  one-half  of 
which  the  dust  was  blown  from  the  track  at  frequent 
intervals  with  an  air  blast.  The  data  obtained  indi- 
cated that  neither  the  amount  of  wear  nor  the  consist- 
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ency  of  the  results  was  affected  to  any  measurable 
degree  by  the  presence  of  the  dry  powder. 

It  has  been  noticed,  however,  that  tests  made  when 
the  pavement  is  moist  show  abnormally  low  wear, 
probably  due  to  the  fact  that  the  worn  particles,  when 
damp,  pack  in  the  wear  path  and  thus  protect  the  bot- 
tom of  the  groove. 


TYPICAL  DATA  PRESENTED 


Figure 
machine. 


5    shows    typical    data   obtained    with    this 
The  two  curves  represent  the  wear  produced 
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Figure  5. — Results  of  Tests  on  Two  Slabs  of  the  Same 
Concrete  but  Cured  by  Different  Methods.  Each 
Curve  Revresents  the  Average  of  Five  Tests 

on  two  slabs  of  presumably  identical  concrete  which 
had  been  cured  by  two  different  methods.  Each  curve 
was  determined  by  averaging  the  data  for  five  tests. 
The  individual  points  have  been  left  ofl^  the  curve  for 
slab  A  to  avoid  confusion.  The  dispersion  of  points 
in  the  data  shown  for  slab  B  is  typical,  however.  It  is 
usually  found  that  there  is  quite  a  little  difference  in 
hardness  between  different  points  on  the  same  pave- 
ment and  this  is  reflected  in  the  apparent  inconsistency 
of  several  tests  on  the  same  pavement.  There  is  also 
difficulty  in  reading  depth  of  wear  to  a  thousandth  of  an 
inch  on  a  surface  as  irregular  as  a  concrete  slab.  This 
is  shown  by  the  failure  of  the  observed  points  to  follow 
a  smooth  curve.  For  both  of  these  reasons  it  is  most 
desirable  to  average  a  considerable  number  of  readings 
when  drawing  general  conclusions  regarding  the  surface 
hardness  of  a  pavement  as  a  whole. 

Figure  6  shows  other  data  typical  of  that  which  has 
been  obtained.  In  this  figure  are  wear  resistance 
curves  for  concretes  made  from  radically  dift'erent 
aggregates  (although  in  each  concrete  both  the  fine 
and  coarse  aggregate  came  from  the  same  basic  ma- 
terial). Since  the  portion  of  the  curves  shown  repre- 
sents wear  of  the  mortar,  it  is  quite  evident  that  con- 
siderable differences  in  the  surface  hardness  of  con- 
crete pavements  may  be  due  to  the  character  of  the  fine 
aggregates  used. 

These  two  figures  are  included  to  give  a  general  idea 
of  the  data  which  may  be  obtained  and  to  illustrate 


two  of  the  many  possible  uses  which  may  l)e  made  of 
such  a  macliiiio. 

It  is  realized  that  the  mechanical  design  of  the  ma- 
chine is  susceptible  to  improvement.  However,  the 
design  as  it  stands  is  simple,  reliable  and  portable,  the 
test  is  fairly  rapid  to  make  and  it  is  believed  that  the 
data  obtained  are  a  measure  of  surface  hardness. 
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Figure  6. — Results  of  Tests  on  Concrete  Made  With 
Different  Aggregates 


(Continued  from  page  94) 
GENERAL  INDICATIONS  SUMMARIZED 

The  major  indications  from  this  series  of  tests  are  as 
follows : 

1.  Other  conditions  being  equal,  cushioning  material 
incorporated  in  the  supporting  structure  of  a  truck  wheel 
reduced  its  impact  reactions.  This  reduction  may  be 
negligible  or  important,  depending  upon  the  construc- 
tion of  the  wheel  and  the  tire  equipment  used  on  it. 

2.  The  cushioning  properties  of  cushion  wheels 
become  more  pronounced  as  the  cushioning  properties 
of  the  tire  equipment  used  on  them  decrease. 

3.  The  additional  weight  sometimes  necessitated  by 
cushion-wheel  design  may  partiall}^  or  even  entirely 
offset  the  advantage  gained  b}'  the  cushioning  action 
of  the  wheel  structure  in  so  far  as  the  impact  reaction 
on  the  pavement  is  concerned. 

4.  For  the  conditions  of  these  tests,  observed  tire 
deflections  for  impact  pressures  are  practically  the 
same  as  those  observed  for  static  pressures  of  the  same 
mas:nitudes. 
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GENERAL  FEATURES  OF  DESIGN  OF  CROSS  SECTION  OF  CONCRETE  PAVEMENTS  ON  FEDERAL-AID  PROJECTS 

SUBMITTED  IN  1928 


state 


Width 


Thickness 


Edge 


Alabama. 


Arizona. - 
Arkansas. 


California. 


Colorado 

Connecticut. 

Delaware 

Vlorida 

Georgia 

Idaho 

Illinois 

Indiana 

Iowa 


Kansas 

Kentucky.. 
Louisiana.. 

Maine 

Maryland.. 
Michigan... 
Minnesota- 
Mississippi. 

Missouri... 
Montana... 


New  Hampshire. 

New  Jersey 

New  Mexico 

New  York 


North  Carolina., 

Ohio 

Oklahoma 


Pennsylvania. . 

Rhode  Island.. 

South  Carolina. 

Tennessee 

Texas 


Utah 

Vermont. 


Virginia 

Washington... 

West  Virginia. 

Wisconsin 


Feet 


18 
IS 

20 

18 

20 

15 
18 
18 
20 
18 
20 
18 
18 

18 
18 
18,20 
20 
16 
20 
20 


18 
18,20 

18 

20 

18 

18,20 

16, 18,  20 

18,20 

18 

18 

20,  30, 40 

18 

18 
18 

18 
18 

18 
18,20 

16,18 

20 


Inches 
9 


9 

(      I 
g 

{      I'' 


Center 


Inches 
6 


6H 
8 

6 
6 
8 
fi 
6 
7 


6.3 


Edge 


6 

6' 2 

6 
6 

6 

7 


8 
6' 2 


Inches 
9 


Thick- 
ened 
edge 
width 


3  feet--.. 


2  feet. 

3  feet. 
3  feet- 


Curved  - 

3  feet 

3  feet-.-. 
2feet.... 

2  feet-... 

3  feet.... 
214  feet..- 

4  feet-... 

...do.... 

2  feet-.. 
Curved. 
4  feet.... 

...do.... 

3  feet 

4  feet.... 

Curved  - 
2  feet-.. 

...do.... 

...do.... 

...do.... 


2  feet-.. 
}9-10feet. 

Curved. 
2  feet.... 
...do 

Icurved. 


[Curved . 

..-do 

2  feet.... 

..-do 


Curved 
2  feet... 


4  feet. 


Crown 


2  inches - 


Ij^  inches 

114  inches  parabolic. 

1  inch 


l]/i  inches  parabolic. 
13^  inches,  circular., 
.do. 


2^  inches - 
13-^  inches - 
1  inch 


>1  inch,  circular- 

2  inches 

2  inches - 


2  inches,  parabolic. . 

114  inches 

2yi  inches 

1}4  inches 

2  inches 

IH  inches,  parabolic. 
1  inch 


[2  inches,  circular 

VA  inches -. 

2  inches,  circular 

1  inch 

1>2  inches 

1  inch,  parabolic 

IJ^  to  IK  inches 

f  1J4  to  2  inches,  para- 
\    bolic. 

1  inch,  curved 


2  inches,  parabolic... 

1  inch,  parabolic 

lyi  inches,  circular.. 

2  inches,  parabolic... 

IJ^  inches,  parabolic. 
2  inches,  parabolic... 


1  inch,  plane... 

2  inches,  plane. 


2J^  inches. 
2  inches... 


2M  inches 

1  inch,  parabolic 


Mix  proportions 


1:2:3- 


:2:3H. 
:2:3y2. 


1:2:4. 


2"3 
lk:3^----- 

2:3}.^ 

2:4  3-.- 

2:3  to  1:2:4- 

2:3^ - 

2:3- 


;2:3H- 
2:3-.. 


) 

1^:23^. 
1M:3H- 
2:3H-. 
2:3H-. 
2:334— 

2:4 

2:3}^... 
2:31.^..- 


1:2:3. 

1: 
1: 


2:3)4- 
2:3... 


2:3... 
2:3H- 
2:3... 
2:3H- 


tl:1.8:4  to  1:2:5}4. 
1:2:3 


1:2:3H- 

'1:2:3K- 
.1:2:3M- 
1:2:3... 


1:2:4. 


1:2:334- 
1:2:334- 


1:2:3. 
1:2:4- 


1:2:4 

1:2:3 

11:2:3 

1:2:4 


Steel  used  in  reinforced  type 


Bars, 
pounds 
per  100 
square 
feet 


116 


85 
53. 


56 


79.5 


Mesh, 
pounds 
per  100 
square 
feet 


47.5 


59 


86 


67-75 
76 


53.4 


Location 


Steel  used  in  plain  type 


Top  and  bottom. 


2  %-inch  round  smooth 
oiled  edge  bars. 

None. 

4  34-inch  round  smooth 
edge  bars. 

4  34-inch  square  edge 
bars. 

Dowels  only. 


Do. 
Do. 
Do. 

'  None. 

I  f2  54-inch  round  smooth 

--- I\    edge  bars. 

1         Do. 

- I  4  5^-inch  round  smooth 

edge  bars. 
Ipji-inch  round  smooth 

- \    edge  bars. 

Do. 

2  inches  from  top 

Top  and  bottom 

;  None. 

2  inches  from  top '  Dowels  only. 

6  5^-inch  round  edge 

bars. 
2  inches  from  top-..  {2  ^Jf^  round  edge 

-.- '  Do. 

I  2    1-inch    round    edge 

bars. 
2  inches  from  top 

do '' 


2  inches  from  top. 


2  inches  from  top. 
do 


2   inches   from   top 
and  bottom. 


2  inches  from  top. 


Dowels  only. 


Dowels  only. 

2  %-inch  round  smooth 

edge  bars. 
6    3  rinch    round    de- 
formed edge  bars. 
f6  5'g-inch   round   edge 
I    bars. 

Dowels  only. 

Do. 

4  to    6   34-inch  round 
edge  bars. 

None. 


None. 
Dowels  only 


Do. 


2  Double  thickened  edge  section  used  with  6-inch  thickness  at  center  of  half  width. 

3  Admixture  Jio  cubic  foot  hydrated  lime  per  bag  of  cement. 

'  Proportioned  by  weight;  1  pound  cement  to  3.78  pounds  aggregate,  or  1  pound  cement  to  5.18  pounds  aggregate. 
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GENERAL  FEATURES  OF  DESIGN  OF  CROSS  SECTION  OF  CONCRETE  PAVEMENTS  ON  FEDERAL-AID  PROJECTS 

SUBMITTED  IN   1928— Continued 


Longitudinal  joint 

Transverse  joints 

Dowels 

state 

Type 

Gage  No. 
or  width 

Type 

Spacing 

Width 

Filler 

Longitudinal  joints 

Traasverse  joints 

Alabama _ 

Deformed  metal  plate 
None 

16     

Expansion .- 

Contraction 

Expansion 

50  to  200  feet-. 
50  feet 

Inches 

'2-1    ,  Premolded  or  poured- - 

2   feet   by   M   inch 
round,   5  feet   C. 
toC. 

None. 
Do 

Arizona... 

Arkansas 

Deformed  metal  plate. 

16 

do. 

4    feet    by   ^  inch 
round,   5  feet   C. 
toC. 

None.. 

0  J  2  inch  round. 1 

10  H  inch  by  2  fcet.i 

f  Expansion --- 

IContraction 

Expansion 

do.. -... 

60  feet -. 

.'2 

Premolded 

Deformed  metal  plate- 
Bituminous,     poured 

or  premolded. 
(Deformed  metal  plate- 

1  Weakened  plane 

18 

20  feet 

None. 

do 

None 

Colorado 

60  feet 

'■; 

4   feet   by   H   inch 
round,  5  feet   C. 
to'C. 

Do 

Connecticut 

J2,  Minch. 
16 

do.-- 

li 

Premolded  or  poured.. 
None 

Do. 

Construction 

do 

As  necessary.. 
do 

4   feet   by    1^   inch 
round,   5  feet   C. 
toC. 

7  %  inch  round.' 
Do 

Delaware 

do 

Florida 

None.       - --- 

Expansion 

do 

/....do 

(Contraction 

Construction 

do 

40  feet 

do 

Georgia.--  

Deformed  metal  plate- 
Weakened  plane 

16 

End  of  run 

60  feet 

.'2 

4   feet   by   y,,   inch 
roimd,   4  feet   C. 
to  C. 

None -. 

4   feet   by   \i   inch 
round,   5  feet   C. 
to  C. 

4  feet   by   Vs   inch 
round,   6  feet   C. 
toC. 

5  feet   by   Ys  inch 
round,  4  feet  C.  to 
C. 

(4   feet   by   H  inch 
\    round,  5  feet  C.  to 

I  c. 

do 

Idaho 

\  Premolded 

20  feet 

Deformed  metal  plate. 

Deformed  metal  plate 
or  weakened  plane. 

Deformed  metal  plate, 
do 

18- 

Illinois..    

As  necessary.. 

Do 

Indiana ..-  . 

16 

do. 

6   4   feet    by    ^   inch 
round.' 

10  2  feet  by   5s  inch 
round.' 

[None. 

Iowa 

18 - 

do- 

do 

18 

(Expansion 

(Contraction 

Construction 

Expansion 

do    

100  feet 

50  feet  

»4 

Poured- 

do 

16 

Kentucky- 

As  necessary -- 

I 

Do. 

Louisiana 

do 

Construction  (plain) 

16 

100  feet 

40  feet    .    . 

Premolded  or  poured.. 
Premolded 

do 

8    Yi    inch    by   4    feet 

round.' 
10  Yi  inch   by   2   feet 

round.' 

Maine. 

Maryland 

Weakened  plane 

Construction- 

Expansion 

....do 

Deformed     metal 

plate. 
Expansion 

.^s  necessary.. 

do 

Michigan.. 

Deformed  metal  plate. 

do- 

[None 

16 

100  feet 

201  feet- 

40  feet 

1 

2 

Premolded 

4   feet   by   ,'2   inch 
round,    1    foot   8 
inches  C.  to  C. 

4   feet   by   H  inch 
round,  5  feet  C.  to 
C. 

Do. 

16 

do 

6  ?<  inch  by  2i-i  inches 
round.' 

Minnesota 

None. 

30  feet 

h 

Premolded 

None 

8    5i    inch    bv    4    feet 

Mississippi 

{Deformed  metal  plate - 
do 

18 

50  feet 

4   feet   by   M  inch 
round,  5  feet  C.  to 
C. 
do 

round.' 

Missouri 

16. 

Construction 

Expansion 

do 

As  necessary. 

None. 

Montana 

30  feet  

H-V4 

Premolded 

None 

do 

do 

Do. 

New  Hampshire. 

Construction  (plain) 

50  feet    . 

Premolded  or  poured- 
do 

8    Y%   inch    by   2   feet 

New  Jersey 

E\pflnsinn 

Vi  inch 

..  .  do 

34  to  45  feet     . 

round. 
6  %  inch  bv  20  inches 

New  Mexico 

Deformed  metal  plate. 

do       .        .  . 

60  feet    . 

Premolded. 

4   feet   by   Yi  inch 
round,  5  feet  C.  to 
C. 

round.' 
None. 

New  York 

do 

78  feet    

Premolded  or  poured.. 

8  5i  inch  bv  18  inches 

North  Carolina  - 

Construction 

do 

.\s  necessary . . 

round.' 
9Ji   inches   bv  2   feet, 

Ohio 

Weakened    plane    or 
deformed     metal 
plate. 

Deformed  metal  plate, 
do 

do 

4  feet  by   H   inch 
round,  5  feet   C. 
to  C. 
do... 

round  (oiled). 
None. 

Oklahoma- 

18 

14 

Ji  inch 

16-18 

16 

18 

Expansion 

do.. 

do 

do 

...    do 

50  feet 

1 

V2 
H 

U 

1 

Is 

Poured 

Do. 

Pennsylvania.. 

Designed 

100  feet 

40  feet 

Premolded 

do             ... 

Do. 

Rhode  Island 

do 

None.- 

4   feet   by    ]4   inch 
round,  5  feet  C.  to 
C. 
do... 

do - 

8   H   inch    by    2   feet 

Only  on  doubtful  sub- 
grade. 

Deformed  metal  plate. 

...  do 

do.. 

round. 

Tennessee 

do 

Premolded  or  poured.. 
Premolded 

None. 

6  %  Inch  by  4  feet 

Texas 

do 

40  to  100  feet.. 
25  feet- 

round.' 
8  Ye  inch  by  3  feet 

Utah- -.-. 

do 

do... 

do.. 

None 

2   feet   by    K   inch 
round,    3    feet    4 
inches  C.  to  C. 

round.' 
None. 

Vermont 

Construction 

do 

End  of  run 

8  %  inch  round. ' 

Virginia 

Construction 

/Expansion.. 

(Contraction 

Construction 

Expansion 

None. 

Weakened  plane  

40  feet 

;-2 

Premolded. 

(2  feet    by    H   inch 

Do. 

Washington 

20  feet. 

\    round,  8  feet  C.  to 

1    c. 

None-- 

4   feet   by   y2   inch 
round,   3  feet   11 
inches  C.  to  C. 

Deformed  metai  plane 
do... 

14 

18 

West  Virginia 

As  necessary 

Do. 

Wisconsin 

50  feet 

l-i-'A 

Premolded 

4  Ya  inch  round.  ' 

'  One  end  free. 
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ROADSIDE  PLAN  AND  PROGRESS  IN  MASSACHUSETTS 

By  JAMES  H.  TAYLOR,  Highway  Landscape  Supervisor.  Massachusetts  Department  of  Public  Works 


THE  considorahlo  interest  shown  in  the  work  whicli 
Massachusetts  is  doin<i-  in  beautifyin<:;  its  roadsich's 
indicates  that  a  description  of  the  methods  and 
objectives  of  this  work  may  be  of  assistance  to  othei-s 
who  are  just  entering  this  fiehk 

The  Massachusetts  Highway  Commission  has  from 
its  beginning  appreciated  the  value  of  highway  beauti- 
fication.  Prof.  N.  S.  Shaler  the  first  chairman  of  the 
commission  said,  in  1898,  "It  is  evident  that  our 
culture  is  near  the  station  when  we  may  hope  for 
some  effort  to  develop  the  landscape  sense  by  a  syste- 
matic training  in  the  arts  which  may  enable  us  to 
appreciate    scenery."     It   is   doubtful    if    this   interest 


maintenance  activity  of  tree  work,  brush  cutting,  grass 
mowing,  etc.  Ther(>  is  cooperation,  however,  in  carry- 
ing on  the  two  activities  so  as  to  secure  the  best  im- 
provement of  roadsides. 

The  State  highway  system  of  Massachusetts  includes 
1,600  miles  of  road  and  is  divided  into  seven  highway 
districts.  Our  aim  is  finally  to  make  each  (listrict 
sullicient  unto  itself  in  the  matter  of  tree  and  roadside 
care  by  the  perfecting  of  district  units  for  this  distinct 
purpose.      Naturally  this  plan   is  slow   in    developing. 

At  present,  work  is  carried  on  from  a  base  in  the 
centrally  located  town  of  Palmer.  H(>re  we  have  12 
acres  of  nursery,  seed  l)eds,  propagation  frames,  green- 


As  We  Approach  the  Town- 


resulted  in  actual  plantings  at 
man  was  appointed  with  the 
along  the  State  highways  and 
thousands  of  shade  trees  were 
The  scope  of  this  work  was 
creation  of  an  office  to  be  fill 
training  in  landscape  planting 
highway  roadsides"  and  it  ha 
with  certain  definite  aims  and 


that  time  but  in  1912  a 
duty  of  planting  trees 
for  several  years  many 

planted. 

enlarged  in  1921  by  the 

ed  by  one  with  special 
to  ""beautify  the  State 

s  progressed  since  then 

accomplishments. 


ORGANIZATION  OK  WORK  OUTLINED 

Roadside  planting  is  considered  as  a  phase  of  main- 
tenance and  is  under  the  supervision  of  the  engineer 
in  charge  of  State  highway  maintenance.  It  is  finan- 
cially supported  by  an  allotment  for  the  specific  pur- 
pose.    This  activity  is  entirely  separate  from  a  related 

62791—29 


house,  storage  cellar,  forge,  sheds  for  housing  and 
storing  machinery,  explosives,  and  necessary  materials. 
From  this  base  we  are  in  constant  readiness  to  give 
efficient  and  state-wide  service,  adequate  to  any  road- 
side need,  whether  it  be  planting,  care,  repair,  or 
removal. 

A  State  nursery  is  a  necessity  in  roadside  develop- 
ment on  any  worth-while  scale.  It  is  needed  as  a  ])rop- 
agating  area,  for  si)ace  to  take  advantage  of  planting 
stock  bargains,  for  planting  collected  stock  and  grow- 
ing until  fit  for  the  roadside,  for  studying  the  character- 
istics of  plants  and  their  adaptability  to  the  roadsides; 
in  fact,  the  nursery  is  the  laboratory  and  experimental 
station  of  roadside  development. 

The  planting  of  "snndl  stuff'"  on  roadsides  is  a  waste 
of  moru'v.     The  stock  used  in  Massachusetts  work  has 
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been  given  careful  attention,  the  top  and  root  pruned, 
transplanted,  grown  to  a  good  size  and  sufficient  ability 
to  meet  the  rugged  demands  of  the  roadside.  It  has 
been  found  that  trees  10  to  12  feet  high  are  the  most 
desirable  size  for  planting,  while  shrubs  should  be  3  to 
4  feet  high  and  vines  should  be  .3  to  4  years  old.  Freshly 
dug  stock  of  this  type,  properly  located  and  planted, 
has  a  fighting  chance. 

Three  tree  crews  are  kept  in  operation  throughout 
the  year,  each  crew^  consisting  of  a  tree  agent  and  three 
men.  Two  of  the  crews  are  equipped  with  a  camp 
w'agon  (small  house  on  wheels)  fitted  to  house  com- 
fortably four  men.  These  portable  bases  are  very 
satisfactory  and  economical. 

Plantings,  in  the  main,  are  confined  to  new  right  of 
ways  since  their  width  of  60  feet  or  more  allows  greater 
opportunity  for  landscape  development.  Such  loca- 
cations  assure  a  reasonably  imdisturbed  future,  but  it 
is  a  rule  in  every  case  to  plant  as  near  the  property 
line  as  possible,  for  wider  road  surfaces  are  sure  to 
come. 

The  planting  procedure  is  as  follows:  A  blue  print 
showing  the  right-of-way  lines  and  road  location  is  sent 
to  the  Palmer  station.  The  designer  makes  a  study  of 
the  road  and  indicates  the  proposed  planting  on  the 
blue  print.  The  locations  of  plants  or  trees  are  then 
staked  and  the  pits  dynamited,  dug,  and  where  neces- 
sary refilled  with  the  best  loam  obtainable.  Tree  pits 
are  3  feet  in  diameter  and  3  feet  deep  and  shrub  pits 
are  2  feet  in  diameter  and  2  feet  deep.  The  planting 
order  is  filled  by  the  nursery,  packed  on  trucks  and 
trailers,  and  set  out  in  the  field. 

A  space  3  feet  in  diameter  around  each  plant  is 
grubbed  and  kept  free  from  weeds,  and  water  is  supplied 
if  needed.  After  the  planting  is  well  started  it  is  given 
a  final  inspection  and  turned  over  to  the  district  main- 
tenance forces  for  care. 

Using  the  work  done  by  our  Palmer  organization  as  a 
criterion  for  the  district  maintenance  forces  we  are 
trying  to  produce  a  highway  hybrid;  a  cross  between  a 
surface  expert,  a  tree  surgeon,  and  a  landscape  designer. 
We  are  educating  a  small  army  of  men  whose  primary 
interest  is  in  the  road  surface,  whose  natural  attention 
is  to  lines  and  grades,  pot  holes  and  breaks,  tar  barrels 
and  side  drains,  and  interesting  them  in  vines,  shrubs, 
trees,  and  the  aesthetics  of  the  roadside.  Responses 
difi"er  as  men  dift'er;  the  result  is  not  uniform  but  the 
general  tone  is  one  of  splendid  cooperation. 

Depressions  in  the  road  surface  are  known  to  the 
maintenance  man  as  "pot  holes."  The  roadside 
developer  detects  what  may  be  called  "pot  holes"  in 
the  highway  landscape  and  corrects  the  situation, 
sometimes  by  filling  in;  sometimes  by  removing 
detracting  or  barrier  material. 

Advising  as  to  this  work.  Prof.  Charles  S.  Sargent, 
the  noted  dendrologist,  designer,  and  director,  of  the 
Arnold  Arboretum  said,  "Avoid  the  artificial;  keep  the 
roadsides  as  natural  as  possible."  This  is  wisdom  for 
everybody — everywhere. 

We  have  our  particular  portion  of  earth.  It  is  not 
California  or  Indiana,  nor  yet  New  Hampshire.  It  is 
Massachusetts.  Possibly  others  may  have  better 
methois  of  working;  we  shall  use  them.  The  pattern 
treatment  of  a  slope  or  a  traffic  island  by  others  may 
be  helpful  to  us.  We  may  imitate  in  many  operative 
details,  but  as  for  the  main  scheme,  we  are  working 
on  a  canvas  where  copying  is  out  of  the  question;  the 
developing  of  the  individuality  of  our  own  home  State. 


When  July  is  hot  upon  the  earth,  to  roll  from  the  sun- 
smitten  surface  to  the  refreshment  of  a  tree-arched  way 
with  its  cool  pavement  and  mosaic  of  light  and  shade,, 
is  a  welcome  change  that  everyone  appreciates.  How- 
ever, this  treatment  reproduced  for  mile  after  mile 
would  finally  affect  us  as  a  depressing  monotony.  In 
many  cases  we  are  compelled  to  adopt  a  formality  of 
arrangement,  but  barring  that,  the  planting  of  long 
stretches  of  evenly  spaced  and  straight-lined  trees  and 
shrubs  is  ignorance,  not  art.  However  pleasing  such 
treatment  may  be  to  some,  to  others  it  suggests  arti- 
ficiality, unnaturalness,  stiffness,  and  the  hand  of  man. 

In  city  and  village  locations  we  are  definitely  limited 
and  tlie  planting  is  of  necessity  formal.  The  centers  of 
homes  and  business  furnish  the  extreme  problems  of 
the  tree  planter.  At  best  the  tree  will  have  a  fight  for 
life.  If  the  walk  is  concrete  or  brick  a  3-foot  opening 
for  the  tree  is  not  too  large.  This  opening  must  be 
kept  cultivated  and  water  and  fertilizer  introduced  as 
needed. 

Long  before  the  period  of  general  road  improvement 
there  was  a  scattered  interest  in  shade  tree  planting,  to 
which  certain  rows  of  ancient  trees  bear  splendid  testi- 
mony. These  historical  plantings,  if  left  to  themselves, 
will  finally  vanish.  It  is  our  duty  to  perpetuate  them, 
and  as  they  die,  to  replace  with  like  varieties. 

NATIVE  PLANTING  MATERIAL  PLENTIFUL 

The  tendency  of  the  planter  is  to  assume  that,  in 
reason,  almost  anything  will  grow  almost  anywhere. 
An  example  of  thoughtless  planting  was  seen  several 
years  ago  on  the  Bourne-Plymouth  road.  A  coarse 
gravel  slope  that  lay  from  10  to  6  o'clock  each  day  in 
the  summer  sun,  w'as  planted  by  some  w^ell-intentioned 
but  misguided  enthusiast  with  numerous  clumps  of 
that  delightful  shade-loving  plant — the  mayflower. 
The  brown,  dead  leaves  told  the  story. 

There  is  a  tendency  to  introduce  foreign  plants  on 
the  roadside.  This  may  be  done  to  a  moderate  extent 
as  the  road  approaches  or  extends  through  a  town  or 
village  where  the  local  planting  suggests  it  and  into 
which  it  blends.  Beautiful  as  they  may  be  in  them- 
selves a  hydrangea  or  forsythia  in  our  ordinary  natural 
roadside  would  be  a  triumph  of  absurdity  and  discord. 
A  Colorado  blue  spruce  would  be  distinctly  out  of  place. 
It  is  not  Massachusetts,  but  rather,  artificial.  Im- 
portations are  attractive  but  a  State's  personality  is 
more  so. 

Our  State  is  lavishly  supplied  with  native  planting 
material.  From  the  time  when  the  shad-bush  prints 
its  misty  pattern  upon  the  gauze  draperies  of  spring,  to 
the  witch-hazel's  farewell  gleam  of  gold  within  the  leaf- 
less woods  we  have  a  changing  picture  of  flora  and 
sylva;  of  graceful  vines  and  leafy  forms  that  is  unsur- 
passed, even  by  the  splendor  of  the  tropics;  and,  ad- 
justing ourselves  to  local  preferences,  here  is  our  field 
of  choice. 

All  of  our  roadside  pictures  exist  in  three  parts — fore- 
ground, middle-distance,  and  background.  If  our  com- 
positions are  to  be  successful  this  fact  must  be  appre- 
ciated in  both  our  selective  trimming  and  our  planting. 
The  planter  nmst  know  the  dimensional  limits  and  con- 
trastual  possibilities  in  shape,  texture,  and  color;  bark, 
leaf,  and  flower;  spring  aspect,  summer  maturity,  au- 
tunm  glory,  and  winter  value;  in  other  words,  he  must 
have  a  complete  knowledge  of  growing  things. 

The  roadside  is  neither  a  lawn  nor  a  back-yard 
garden;  it  is  a  problem  apart.     Where  one  shrub  would 
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produce  a  splendid  effect  in  your  garden,  it  will  take 
a  hundred  to  approach  an  effect  on  the  stretch  of  the 
roadside.  We  are  working  on  a  big  program  and  we 
must  mass  our  planting  correspondingly.  But,  never 
forget  the  immense  value  of  individual  specimens.  This 
seems  in  contradiction  to  the  above,  but  the  meaning  is 
this — do  you  remember  that  magnificent  6-stemmed 
paper  birch,  that  pei'fect  elm  by  the  old  homestead,  the 
triumphant  white  oak  on  the  hill?  You  forget  every- 
thing else  for  the  moment  and  the  memory  is  still  a 
delight.  Rightly  planned,  the  little  trees  you  plant 
today  will  impress  in  like  manner  an  unborn  generation; 
the  willow  by  the  water-brook,  the  fadeless  cedar,  the 
oak  of  scarlet.  A  finished  surface  never  improves — 
a  planting  does.  It  is  an  immediate  improvement 
and  the  improvement  kee])s  on  improving. 


a  5  and  a  7  foot  blade  for  use  on  large  trees  is  a  good 
investment.  Where  the  log  is  the  right  kind  and 
size,  it  is  milled  into  tree  stakes,  chestnut  being  the 
most  desiral)le. 

Trees  should  have  constant  and  thorough  inspection; 
for  it  often  happens,  that  a  tree  presenting  a  fair  face 
to  the  road,  is  merely  a  shell  from  the  other  side  and 
is  ready  to  fall  with  the  first  strong  wind. 

Hardly  a  day  passes  without  some  good  tree  being 
woimded  by  machines  either  carelessly  guided  or  out 
of  control.  The  resultant  scars  are  unsightly  and 
dangerous  to  the  tree.  They  become  the  open  door 
to  disease,  and  should,  as  soon  as  dry,  be  neatly  trimmed 
and  properly  sealed  with  a  durable  tree  paint  and 
recoated  as  necessary.  It  is  claimed  by  some  that  tar 
or  asphalt  paint  is  not  good  for  the  tree  and  retards 
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The  various  types  of  embankment  guards  whether 
wood,  wire,  natural  or  cast  stone,  while  of  admirable 
purpose  are  not  beautiful.  They  may  be  made  less 
objectionable  by  background  plantings  of  suitable 
character.  For  example  the  harsh  outlines  of  guard 
stones  may  be  beautifull}^  softened  by  a  setting  of 
viburnum  opulus.  Its  rugged  foliage,  white  flower 
cluster  and  crimson  fruit  fuse  these  stern  profiles  into 
a  most  delightful  harmony. 

TREE  SURGERY  AN  IMPORTANT  PART  OF  WORK 

To  say  that  a  road  picture  is  beautiful,  is  merely  the 
unconscious  recognition  of  a  certain  harmony  of 
arrangement,  attaining,  or  approaching,  a  unity  of 
expression.  Dead  trees  and  limbs  deface  the  picture; 
they  are  a  menace  to  traffic  and  should  be  removed  at 
once.  Our  practice  is  to  cut  trees  six  inches  below 
the  surface  of  the  ground.  It  costs  a  bit  more,  but  the 
manifest  improvement  justifies  it.     A  power  saw  with 


the  growth  of  the  cambium.  Our  experience  does  not 
lead  to  this  belief. 

Where  the  tree  is  a  large  one  the  effect  of  the  impact 
is  a  wound  only,  but  small  or  moderate  size  trees  are 
pushed  out  of  line  and  should  be  brought  back  into  the 
vertical  and  wired  or  staked. 

Decay  in  normal  trees  is  largely  trace'able  to  either 
the  breaking  of  large  limbs  and  failure  to  treat  the 
fracture  properly  or  the  neglect  of  trunlc  or  limb  wounds. 
Decayed  areas  should  have  careful  attention.  All  de- 
cay should  be  removed,  and  if  the  area  is  in  a  rigid 
portion  of  the  tree  and  is  not  too  large  it  may  be  filled 
with  a  mortar  of  cement  and  clean,  coarse  sand,  mixed 
in  the  proportion  one  to  three,  and  as  dry  as  practicable. 
The  mortar  should  be  tamped  thoroughly  to  fill  the 
entire  space,  and  smoothed  up  to  the  inner  edge  of  the 
cambium.  A  cross  section  through  a  tree  shows  that 
it  has  four  divisions,  heart  wood,  sap  wood,  cambium, 
and  baik.     The  cambium  is  the  life  center  of  the  tree; 
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the  living  tissue  from  which  all  growth  proceeds;  this 
cambium  is  the  natural  protection  of  the  tree.  As 
soon  as  the  tree  is  wounded  the  cambium  starts  its 
healing  work,  by  beginning  to  spread  itself  over  the 
wounded  surface.  Examine  any  cut  or  wound  and  you 
will  see  just  what  it  does.  Many  times,  where  a  limb 
has  been  properly  cut  and  protected,  the  cambium 
has  completely  covered  the  exposed  area,  in  some  cases, 
even  up  to  6  or  8  inches. 

In  most  cement-mortar  fillings  that  have  been  prop- 
erly made,  the  cambium  of  a  healthy  tree  will,  in  one 
year  cover  the  edge  crack  due  to  the  drying  out  of  the 
mortar.  The  larger  the  filling  the  wider  the  shrinkage 
crack,  and  where  the  crack  is  left  open,  water  enters 
and  causes  decay.  This  can  be  prevented  by  filling 
to  within  an  inch  of  the  surface  with  mortar,  allowing 
it  to  set,  and  finishing  with  a  seal  coat  of  asphalt  and 
sand,  mixed  warm,  just  so  that  it  will  not  run,  and 
tamped  firmly  into  place.  Where  limbs  are  subject  to 
bends  and  twists,  cement  mortar  should  not  be  used; 
but  a  mixture  of  asphalt  and  sand  or  sawdust  may  be 
used. 

Covered  decay  is  a  dangerous  thing.  Fires  have  been 
built  in  cavities  and  blow  tt)rches  used  to  get  at  other- 
wise inaccessible  spots.  When  a  cavity  can  be  drained 
it  may  be  disinfected,  painted,  and  observed  from  time 
to  time  to  see  if  further  attention  is  needed. 

High  winds  and  loadings  of  snow  and  ice,  separately 
or  in  combination,  do  the  greatest  damage  to  trees 
and  some  are  not  able  to  stand  them.  Compound 
fractures  are,  of  course,  hopeless,  but  simple  splits 
can  be  successfully  treated  by  the  intelligent  use  of 
metal  rods  or  cable.  In  one  case  an  elm,  split  in  two 
with  one  half  nearly  to  the  ground,  has  been  made  fit 
for  half  a  century  of  roadside  blessing,  by  drawing  the 
parts  together,  installing  cable,  and  calking  the  crack. 
To-day  it  looks  as  perfect  a  specimen  as  before  the 
separation. 

The  points  at  which  metal  ties  are  introduced  is 
vital.  Much  of  the  metal  reinforcing  of  split  trees 
looks  like  the  work  of  children,  as  far  as  the  proper 
planning  for  the  strain  is  concerned.  These  jobs  call 
for  a  man  who  understands  the  mechanics  involved. 
No  definite  rule  can  be  given  but  an  approximate  formu- 
la is  that  support  should  be  applied  at  a  distance  from 
the  beginning  of  the  split  of  ten  times  the  diameter  of 
the  limbs  split. 

Split  trees  are  repaired  with  five-eighths  or  three- 
fourths  inch  galvanized  wire  cable  secured  to  three- 
fourths  or  seven-eighths  inch  eyebolts  using  galvanized 
eyes  and  galvanized  cable  clips  for  fastening.  An  ex- 
perienced tree  man  will  anticipate  weak  points  in  the 
tree  structure,  and  apply  the  necessary  support  before 
a  break  occurs. 

REGULAR  MAINTENANCE  GIVEN  ALL  PLANTINGS 

All  trees  planted  since  1921  have  been  given  annual 
attention.  The  ground  is  kept  open  about  their  base 
for  food  and  air,  and  where  necessary  the  roots  are 
fertilized.  The  trees  are  staked  as  required.  Leaning 
specimens  are  brought  into  the  vertical,  and,  where  the 
tops  are  not  developing  properly,  a  new  "leader"  is 
established.  The  leader  is  the  highest  point  of  a  tree, 
in  general  line  with  the  main  stem  and  trees  are  by  na- 
ture designed  to  "follow  the  leader."  Sometimes  there 
are  two  leaders,  and,  one  must  be  removed  for  proper 
development.  Again,  there  may  be  no  leader,  but  a 
jumble  of  growth  which  dwarfs  the  top,  and  a  stick  or 
bamboo  must  be  lashed  to  the  main  stem,  and  the  most 


promising  branch  tied  to  the  splint ;  the  branch  thus  forced 
into  action  will  gradually  accomplish  the  dcsircdpurpose. 

Trees  carefully  planted  and  cared  for  grow,  but  with 
a  tendency  to  become  top  heavy  with  foliage.  This 
rec{uires  the  intelligent  removal  of  enough  of  the  tops 
to  give  them  a  chance  to  resist  wind  pressure;  not  by 
mere  shortening  of  the  terminals,  for  then  we  get  four 
or  five  sprouts  instead  of  one,  but  by  the  removal  of 
entire  branches,  cutting  them  off  at  the  outer  edge  of 
the  collar  of  the  limb.  The  collar  is  the  enlargement 
of  the  limb  at  its  union  with  the  main  member.  Proper 
pruning  leaves  a  symmetrical  tree  and  the  tree  must  be 
viewed  from  all  sides  and  at  some  distance,  during  the 
process,  to  get  the  total  effect. 

Many  people  have  the  idea  that  a  tree  should  be 
trimmed  to  resemble  an  inverted  broom  or  lollypop; 
this  is  incorrect.  Most  of  our  northern  trees  are  of  a 
tapering  nature,  the  elm  being  a  conspicuous  exception. 
The  pruning  of  a  young  tree  should  suggest  the  ulti- 
mate outline,  and  leave  it  in  somewhat  the  shape  of  an 
elongated  egg,  but  slightly  larger  at  the  base.  Limbs 
can  be  removed  for  about  2  feet  above  the  ground. 
Those  above  this  height  should  be  cut  back,  but  not 
removed.  They  can  be  allowed  to  remain  for  years, 
as  they  divert  the  flow  of  sap  and  thereby  increase  the 
trunk  diameter,  making  the  structure  self-reliant. 

The  competent  tree  man  never  makes  a  cut  without 
the  future  tree  in  mind,  and  one  can  make  or  break  a 
tree's  future  during  its  early  training.  Branches  that 
will  ultimately  rub  and  break  can  be  detected  and  ab- 
normal growth  corrected. 

NATURAL  GROWTH  SHOULD  BE  PRESERVED 

The  preservation  of  naturally  planted  growth  is  the 
most  important  part  of  roadside  development.  Failure 
to  appreciate  this  wealth  of  resource  is  deplorably 
general.  What  is  known  as  "brushing  the  road" 
ordinarily  means  mowing  down  every  green  growing 
thing  clean  to  the  wall  or  line. 

Hardwood  and  evergreen  trees,  desirable  shnibs, 
vines,  and  plants,  at  a  reasonable  distance  from  the 
traveled  way  shoidd  be  spared  and  developed,  and  any- 
one accomplishing  this  is  contributing  in  a  splendid  way 
to  the  future  beauty  of  roadsides. 

Nature  is  the  master  planter;  man's  work  is,  at  best, 
but  a  weak  imitation.  Take,  for  instance,  that  glory 
of  New  England,  the  common  elderberry,  which  nature 
gives  us  in  such  lavish  profusion.  It  is  cjuite  diffcult 
to  transplant  and  establish  it,  even  in  the  same  general 
location ;  and  next  to  impossible  with  its  sister  the  moun- 
tain elder  (red  berry).  We  can  say  the  same  thing  of 
the  unique  tupelo,  one  of  the  most  brilliant  lights  in 
our  autumn  picture.  One  often  finds  tupelo  seedlings 
in  the  roadside  south  of  the  Blue  Hills  and  we  of  the 
roadside  should  know  enough  to  observe  and  to  spare 
it.  Sassafras,  tulip,  canoe  birch,  cedar,  and  a  lot  of 
others,  in  the  hard-to-transplant  group,  have  all  settled 
in  our  roadsides  and  we  must  keep  them  there. 

A  sugar  maple  may  have  been  self-sown  in  the  bor- 
der and  grown  to  a  sapling.  The  surrounding  growth 
should  be  cut  away,  and  the  yoimg  tree  trimmed  in  the 
manner  described  for  young  planted  trees.  Desirable 
shrubs,  sumac,  benzoin,  that  wonderful  group,  the  vibur- 
nums, the  cornels,  American  plum,  laurel,  and  all  the 
others  in  our  comely  family  should  be  counted  as  road- 
side treasure,  and  developed  in  groups  and  individually. 

I  can  think  of  no  more  wonderful  picture  than  a 
Cape  Cod  road  in  May  framed  in  the  beach  plum's 
flowery  bloom,  but  these  roads  have,  in  many  places  ^ 
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been  shorn  of  this  beautiful  shrub.  Someone,  who  did 
not  quite  understand,  had  been  told  to  mow  the  road- 
sides. 

Let  the  woodbine,  grape,  wild  clematis,  and  even  the 
poison  ivy  ramble  over  the  wall;  the  latter  is  fond  of 
mature  elm  trunks,  to  which  it  does  no  harm  and  in  the 
autumn  it  is  a  roadside  marvel  of  crimson  and  gold. 
But  when  an  ambitious  grape-vine  attempts  to  throttle 
a  member  of  our  beautiful  shrub  family — spare  it  not. 

In  the  same  spirit  of  appreciation — let  us  give  our 
roadside  ferns  place ;  could  anything  be  more  beautiful 
than  clumps  of  their  graceful  fronds?  A  few  miles  of 
road  comes  to  mind  whose  borders  were  two  years  ago 
a  very  jungle;  to-day  by  the  mere  sparing  of  sweet 
fern,  it  surpasses  any  man-planted  efl'ects  that  I  can 
imagine.  In  this  same  district  and  over  a  distance  of 
perhaps  275  miles,  I  do  not  think  that  one  roadside  fern 
was  cut  down.  Such  is  the  way  in  which  one  really 
interested  man  projects  himself  into  the  district  force 
which  he  directs. 

Cut  away  the  underbrush  and  lower  branches  of  the 
gray  birch  and  let  their  silver  trunks  shine  out.  If 
blue  lupin  ventures  out  to  watch  the  traffic,  don't 
frighten  it  away  with  a  scythe — and  give  the  same 
treatment  to  groups  of  lilies  that  have  slipped  from 
garden  bonds  to  the  freedom  of  the  roadside;  or  why 
should  pine  weed  or  the  trailing  blackberry  be  sheared 
to  the  roots?  They  make  an  attractive  and  inofi'ensive 
carpet. 

CUTTING  FOR  ROAD  CLEAR.4NCE  AND  SIGHT  DISTANCE  REQUIRES 
CAREFIL  THOUGHT 

When  highway  traffic  was  laigely  horse  drawn  not 
much  thought  was  given  to  bends  in  the  road.  To-day 
we  are  making  the  roads  safer  by  relocation  and  by 
clearing  the  blind  corners.  This  requires  the  removal 
of  much  otherwise  valuable  material.  Cuttings  are 
made  as  graceful  as  possible  and  none  is  made  that 
gives  a  straight  line  or  a  regular  curve. 

An  overhead  clearance  equal  to  the  legal  height  of 
load  should  be  maintained  over  the  road  surface  and 
shoulders.  The  popular  method  seems  to  be  to  remove 
only  the  interfering  branches  over  the  hardened  sur- 
face. The  tree  should  not  be  left  lopsided,  but  balanced 
by  thoughtful  trimming  on  both  sides. 

A  large  proportion  of  our  highways  have  lines  of  tele- 
phone or  telegraph  wires  along  them  and  their  require- 
ments as  to  tree  clearance  are  almost  continually  in 
conflict  with  proper  shaping  and  placing  of  trees.  The 
public  wants  its  roadsides  made  beautiful,  but  it  must 
also  have  its  lines  of  communication  and  neither  of 
these  things  can  be  entirely  subordinated  to  the  other. 
In  the  past  there  has  been  much  thoughtless  and  some 
designed  mutilation  of  trees  by  wire-maintenance  gangs, 
but  the  public-service  companies  now  wish  to  avoid  of- 
fenses of  this  kind.  The  State  itself  is  in  advance  of 
most  other  States  as  the  law  now  requires  that  all 
trimming  for  wire  clearance  be  done  under  the  super- 
vision of  an  inspector  from  the  State's  roadside  planting 
organization.  The  expense  of  this  inspection  is  paid 
by  the  public-service  company. 

Careful  cutting  for  wire  clearance  under  proper  in- 
spection is  of  great  value,  but  there  is  a  better  solution 
of  the  problem.  A  number  of  wires  suspended  from 
cross  arms  on  50-foot  poles  is,'  at  best,  an  aesthetic 
oflFense.  An  equal  number  of  wires,  inclosed  to  make 
a  2  or  3  inch  cable,  supported  on  25-foot  poles  and  half 
hidden  among  the  trees,  makes  a  splendid  improvement. 
This  has  been  done  in  some  instances  in  Massachusetts. 


LANDSCAPE  CUTTING  OPENS  UP  WONDERFUL  VISTAS 

Trees,  shrubs,  and  vines  are  wonderful,  but  when  their 
beauty  hides  the  more  beautiful,  the  tuml)ling  brook,  the 
foaming  river,  green  fields,  rolling  hills,  and  blue  moun- 
tains, then  these  screens  must  be  ofTered  upon  the  altar 
of  beauty.  To  this  end  we  have  sacrificed  many  trees 
which  raised  green  curtains  on  some  beautiful  scene. 
Massachusetts  teems  with  such  opportunities. 

In  Agawam  half  a  day's  work  with  three  or  four  men 
unveiled  a  splendid  view  of  the  Connecticut.  When  a 
photographer  was  sent  to  photograph  the  improvement 
he  found  an  artist  engaged  in  making  a  representation 
in  oil.  A  few  hours  with  an  ax  on  a  curve  in  West 
W^arren  brought  out  a  gem  of  distant  hills  and  winding 
stream  for  the  delight  of  the  traveler. 

In  Palmer,  on  the  river  road,  the  tumbling  Quaboag 
was  heard  behind  an  intervening  jungle.  There  was 
more  work  here,  but  the  result  justified  it;  a  splendid 
composition  of  water  and  trees.  A  delightful  river 
fringe  was  brought  in  view  where  scores  rest  at  noon 
and  are  refi'cshcd  and  refitted  for  the  journey. 

There  are  spots  along  this  hitherto  hidden  river  in 
Palmer  that  a  few  years  ago  were  snarls  of  vagrant 
undergrowth;  to-day  they  are  pictures  in  the  roadside 
gallery  which  suggest  in  their  soft  outlines  the  com- 
position of  a  great  artist.  It  takes  intensive  and  con- 
tinuous study,  this  painting  pictures  with  an  ax;  but 
it  pays  substantial  dividends  in  both  conscious  and 
subconscious  pleasure  to  the  highway  user. 

TRAFnC    SIDINGS,    SPRINGS,    AND    BENCHES    PROVIDED    FOR    THE 
CONVENIENCE  OF  PUBLIC 

There  are  many  little  touches  which  may  be  given  a 
highway  to  add  to  the  public's  enjoyment.  Spaces 
along  the  highway  have  been  cleared  and  graded  at 
small  expense  to  serve  as  traffic  sidings,  where  a  tire 
may  be  changed,  a  lunch  enjoyed,  or  a  nap  taken.  A 
fine  spring  drooling  itself  away  in  gutter  mud,  has,  by 
a  few  hours'  work,  been  changed  from  a  nuisance  to  a 
roadside  blessing. 

Durable  chestnut  benches  with  concrete  ends  anchored 
in  the  earth  have  been  placed  in  appropriate  places. 

CONSTRUCTION  SCARS  HIDDEN  WITH   A  SUITABLE  COVER 

New  construction  generally  leaves  unsightly  faces  in 
cuts  and  fills.  Where  these  slopes  occur  in  residential 
sections  it  is  a  rule  to  either  seed  or  sod  them,  and  more 
and  more  of  this  kind  of  work  is  being  done  in  open 
country.  Where  seed  is  to  be  planted  the  slope  must 
be  coated  with  at  least  2  inches  of  loam.  In  one  case 
a  cut  slope,  1,000  by  20  feet,  w'as  cove?'ed  with  sod  from 
a  pasture  at  the  top  of  the  slope  at  very  low  cost. 
Rain  followed,  and  the  result  was  excellent. 

Loam  is  a  necessity  in  roadside  jilanting  and  is  often 
difficult  to  procure.  The  specification  should  pi'ovide 
for  the  removal  of  all  sod  and  loam  and  storage  in 
neat  piles  for  future  planting  use.  If  the  soil  is  of 
suitable  character  grape  vines,  woodbine,  wild  clematis, 
and  Hall's  honeysuckle  may  be  used.  The  latter  makes 
the  quickest  ground  cover.  A  slope  of  chipped  stone 
and  gravel  had  been  bare  for  years.  A  scant  inch  of 
loam  was  applied  and  sown  with  red  clover — rain  came 
at  just  the  right  time.  It  was  beautifully  green  in 
two  weeks  and  was  mowed  41  days  after  sowing  the 
seed.  Common  daisy  seed,  sown  on  seemingly  hopeless 
slopes,  will,  in  time,  give  surprising  results. 

Sweet  fern  is  admirable,  but  difficult  to  transplant; 
one  is  well  repaid,  however,  for  the  trouble  where  the 
planting  is  successful. 
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The  bearberry,  or,  as  coinmonly  known  "hog  oran- 
beiTv"  is  a  distinctly  beautiful  ground  cover.  A  ride 
to  Provincetown  by  rail  shows  how  splendidly  it  has 
clothed  the  harsh  railroad  cuts  and  iills.  Nothing  so 
fits  into  a  Cape  Cod  road  slope  or  border  as  this  glis- 
tening vine  of  changeable  green,  with  its  pink  bells  and 
crimson  fruit.  It  is  distinctly  a  sand  plant  and  will  not 
thrive  except  in  apparently  supersterile  soil.  With  this 
characteristic  in  mind  it  should  be  used  wherever  pos- 
sible. Unfortunately  it  is  as  hard  to  adapt  to  a  new 
location  as  it  is  to  kill  it  in  its  chosen  places. 

The  uncovered  material  in  the  larger  cuts  is  generally 
very  poor  planting  ground.  For  broader  areas  of  this 
kind  transplanted  pine  seems  to  be  most  suitable.  Jack 
pine  grows  the  cjuickest  but  its  habit  is  to  make  a  thin 
and  scrawny  growth.  Scotch  pine  is  harder  to  establish 
but  has  a  more  desirable  shape,  and  red  and  white  pine 
are  excellent.  After  a  few  years  these  plants  hold  a 
slope  in  place.  If  they  are  allowed  to  grow  too  tall 
they  are  apt  to  tip  over.  This  may  easily  be  pre- 
vented by  keeping  them  well  cut  back.  Jack  pine 
needs  this  treatment  more  than  the  others  as  its  roots 
are  not  quite  able  to  keep  the  top  from  leaning.  Bare 
slopes  are  unsightly  and  the  roadside  man  must  keep 
at  them  until  they  are  made  an  asset  to  the  picture. 

TRAFFIC  ISLANDS  MADE  INTO  BEAUTY  SPOTS 

Triangular  areas  formed  by  intersecting  highways 
are  of  frecjuent  occurrence.  Their  outlines  are  gener- 
ally ragged,  cars  are  driven  and  backed  over  them  and 
generally  they  reflect  a  decidedly  don't-care  spirit. 
Such  spaces  should  be  covered  with  loam  to  a  foot 
above  the  surrounding  surface  and  bordered  with  a 
curb  of  light  colored  stones. 

An  arborvitae  (pyramidalis)  may  serve  as  a  back- 
ground to  a  possible  warning  sign,  or  a  vine  plant  may 
be  placed  at  the  base  of  a  direction  post.  Of  course 
the  planting  must  not  obscure  traffic — low  growing 
plants  such  as  Japanese  yew  and  juniper  of  the  spread- 
ing type — euonymus  radicans,  hydrangea  arborescens, 
Tom  Thumb,  and  globe  arborviteae  are  suitable.  If 
the  area  is  large  enough,  a  few  slim  cedars  can  be 
used  with  fine  effect,  also  almost  any  kind  of  shrub  in 
groups,  but  the  latter  must  be  kept  well  cut  back. 
When  the  planting  has  been,  made  the  remaining 
space  should  be  seeded  with  Kentucky  bluegrass  and 
red  fescue  grass  in  the  propo 'tion  3  to  1,  and  rolled. 
And  then  this  most  important  thing — don't  neglect  the 
mprovement — keep  the  grass  mowed. 


ROADSIDE  NEATNESS  REQUIRES  THAT  ATTENTION   BE  GIVEN  TO 
SMALL  DETAILS 

Every  toui-ist  passing  thnnigh  a  State  carries  away 
with  hiin  an  impression  of  the  character  of  its  people, 
and  (his  impression  is  undoubtedly  influenced  by  the 
neatness  of  its  roadsides.  If  a  wai'ning  sign  l)ecomes 
soiled  and  torn,  don't  let  it  broadcast  yo\ir  careless- 
ness; replace  it  with  a  fresh  one.  If  a  traffic  line  is 
put  on,  make  it  straight  and  symmetrical.  Mend  your 
broken  guard  fence  without  unnecessary  delay.  Re- 
move the  cut  brush  as  soon  as  you  make  it,  and  it  is 
saJer  to  burn  when  green.  Departmental  neatness 
influences  the  public  mind;  it  is  another  case  of  "fol- 
low the  leader."  Community  clubs  have  placed  waste 
rece])tacles  in  several  locations  lettered,  "Please  use 
this  for  waste,"  or  "Keep  Cape  Cod  clean." 

On  every  construction  job  a  finished  roadside  should 
accompany  n  finished  road  surface,  and  both  should  be 
considered  in  the  acceptance  of  the  road.  There  is  no 
reason  why  maintenance  money  should  be  spent  to  do 
what  the  contract  called  for.  Practically  all  road  con- 
tracts have  a  clause  to  the  effect  that  the  "section 
shall  be  left  in  a  workmanlike  manner"  and  this  clause 
should  be  enforced.  There  should  also  be  a  clause 
providing  against  burning,  breaking,  and  barking  the 
roadside  growth. 

KEEPING   AT  IT 

The  most  impoitant  thing  in  roadside  development 
is  the  provision  for  a  j)ermanent  program.  Lacking 
that  means  a  waste  of  pubhc  funds.  1  call  to  mind  a 
State  that  started  roadside  development  10  years  ago, 
and  very  elaborately  at  that.  In  a  late  census  of 
roadside  improvement  activity  the  same  State  was 
shown  to  be  practically  inactive. 

Everything  finally  resolves  itself  into  maintenance. 
Roadside  development  should  be  begun  at  once;  it 
never  can  be  finished.  I  feel  very  deeply  that  what 
the  roadside  needs  most  is  not  that  improvement  be 
begun  merely,  but  that  it  be  continued;  that  a  fixity 
of  purpose  be  indelibly  grained  into  the  movement,  to 
the  extent  of  a  State  or  national  consideration  that 
shall  appreciate  its  importance;  underwrite  its  future. 

Roadside  improvement  must  not  rest  upon  the  en- 
thusiasm of  one  man,  who,  dropping  out  of  the  picture 
takes  the  vitahty  of  the  moment  with  him.  A  kind  of 
apostolic  succession  must  be  operative  in  order  that 
the  rank  be  kept  filled,  so  that  the  business  of  roadside 
beautification  may  maintain  a  program  as  steady  and 
sure  as  that  of  the  surface  which  it  borders. 


EFFECT  OF  METHOD  OF  FABRICATION  ON  STRENGTH 
AND  UNIFORMITY  OF  FLEXURE  SPECIMENS' 

By  L.  W.  TELLER,  Senior  Engineer  of  Tests,  Division  of  Tests,  United  States  Bureau  of  Public  Roads 

One  of  the  problems  before  A.  S.  T.  M.  Committee 
C-9  on  Concrete  and  Concrete  Aggregates  has  been 
the  standardization  of  the  flexure  test  for  concrete. 
This  is  a  matter  of  particular  interest  to  those  connected 
with  paving  concrete  because  of  the  increasing  use 
of  this  test  as  a  basis  for  the  opening  of  concrete  pave- 
ments. The  urgent  need  for  standardization  is  appar- 
ent and  there  has  already  been  a  considerable  amount 
of  valuable  discussion  in  the  committee  relative  to 
the  standardization  of  the  equipment  and  procedure 
for  testing  such  specimens.  The  matter  of  standard- 
izing the  procedure  to  be  used  in  making  the  specimen 
is  of  equal  importance  since  this  procedure  may  influ- 
ence the  strength  of  the  specimen  to  as  great  a  degree 
as  do  the  methods  of  testing. 

With  the  idea  of  finding  out  what  efl'ect  methods  of 
fabrication  have  on  the  strength  and  uniformity  of 
concrete  flexure  specimens  the  following  work  for  the 
committee  was  imdertaken  at  the  laboratory  of  the 
Bureau  of  Public  Roads  at  Arlington.  The  program 
was  necessarily  restricted  to  those  factors  which  seemed 
most  likely  to  influence  the  strength  of  the  specimen 
and  even  thus  limited  it  involved  the  making  and 
testing  of  over  400  beams. 

Briefly,  the  program  consisted  of  the  fabrication 
and  testing  of  12  series  of  34  flexure  specimens  each. 
The  12  series  included  6  methods  of  fabrication,  using 
concretes  made  with  2  coarse  aggregates  quite  different 
in  physical  character.  The  details  of  the  program  are 
presented  b?low. 

METHODS  OF  FABRICATION  AND  TESTING  DESCRIBED 

Method  1. — ^Rodding  with  a  %-inch  diameter  round 
steel  rod.  This  rod  was  similar  to  those  generally  speci- 
fied for  fabricating  compression  specimens  and  is  shown 
at  the  extreme  left  in  Figure  1. 

The  concrete  was  placed  in  the  mold  in  two  hiyers 
and  eacli  layer  was  rodded  twenty  times. 

Method  2. — This  method  was  identical  with  method  1 
except  that  each  layer  of  concrete  was  rodded  fifty  times. 

Method  3. — Spading  with  a  special  straight  spade 
through  which  five  large  holes  had  been  punched.  This 
tool  was  made  for  these  tests  and  was  not  according 
to  any  particular  specification.  The  blade  was  about 
AYi  inches  wide  and  about  G  inches  long.  This  tool 
is  the  second  from  the  left  in  Figure  \. 

The  concrete  was  placed  in  two  layers  and  each  layer 
was  consolidated  by  cutting  twenty  times  with  vertical 
strokes  of  the  spade,  the  blade  "being  held  at  right 
angles  to  the  long  axis  of  the  specimen. 

Method  4. — This  method  was  identical  with  method  3 
except  that  each  layer  of  concrete  was  spaded  fifty 
times. 


1  A  report  made  to  the  subcommittee  on  field  tests  of  concrete  of  the  A.  S.  T.  M 
Committee  C-9  on  Concrete  and  Concrete  Aggregates.  A  few  minor  changes  in  the 
orni  of  presentation  have  been  made. 


Figure  1. — Apparatus  Used  in  Fabricating  Specimens 

Method  5. — Tamping  with  a  2  by  2  inch  square 
wooden  tamper  faced  on  the  end  with  a  steel  plate  of 
the  same  dimensions. 

The  concrete  was  placed  in  2  layers  and  tamped  45 
strokes  per  layer.  This  number  was  arbitrarily 
selected  as  it  gave  one  stroke  per  square  inch  of  sur- 
face of  the  area  being  tamped  (approximately  the 
same  as  in  the  molding  of  compression  specimens). 
This  tool  is  shown  in  Figure  1,  being  the  second  from 
the  right. 

Method  6. — This  method  was  identical  with  method  5 
except  that  a  tamper  4  by  4  inches  in  area  was  used 
and  each  layer  was  tamped  ten  times. 

All  of  the  specimens  in  this  test  were  spaded  along  the 
sides  and  ends  with  the  straight  spade,  the  top  was 
struck  off  with  a  wooden  screed  and  the  top  surface 
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Spec.  No. 


Table  1. — Test  results  for  concrete  made  with  roxtndcd  aggregate 


Method  1 


Average. 


Weight 
of  spec- 
imen 


Pounds 
92.7 
92.1 
92.8 
93.8 
92.6 
92.7 
92.1 
91.8 
93.4 
92.9 
92.8 
91.9 
93.7 
93.7 
93.2 
91.8 
92.7 
92.2 
92.7 
92.6 
92.7 
92.8 
93.1 
93.2 
93.3 
92.6 


92.2 
92.7 
92.7 
92.7 
92.8 
92.8 

92.7 


Modu- 
lus of 
rupture 


Lbs.  per 
sg.  in. 
567 
471 
507 
522 
577 
553 
547 
501 
617 
583 
529 
522 
619 
546 
515 
436 
539 
548 
444 
493 
643 
660 
578 
475 
515 
472 
535 
521 
583 
472 
590 
533 
477 
492 

535 


Varia- 
tion 
from 

average 


Method  2 


Per  cent 
+6 
-12 

-5 
-2 
+8 
+3 
+2 
-6 

+  15 
+9 
-1 
-2 

+  16 
+2 
-4 
-9 
+  1 
+2 

-17 
-8 

+20 

+23 
+8 

-11  I 
-4 

-12 

0 

-3 

+\ 
-12 

+  10 

0 

-11 


Weight 
of  spec- 
imen 


Pounds 
92.0 
92.1 
93.0 
93.9 
93.1 
92.7 
92.5 
92.4 
92.7 
91.8 
93.0 
92.3 
92.6 
92.5 
91.7 
91.9 
93.4 
93.2 
93.8 
93.6 
92.8 
92.9 
93.0 
93.2 
94.1 
93.1 


92.8 
92.8 
93.0 
93.3 
91.7 
93.5 

92.8 


Modu 

Uis  of 

rupture 


Lbs.  per 
sg.  in. 
511 
432 
400 
526 
625 
611 
551 
637 
569 
595 
522 
519 
542 
546 
456 
463 
591 
622 
569 
526 
587 
592 
569 
616 
433 
490 
521 
452 
569 
551 
597 
583 
443 
442 

537 


Varia- 
tion 
from 

average 


Per  cent 

-5 

-20 

-25 

-2 

+  16 

+14 

+3 

+19 

+6 

+  11 

-3 

-3 

+  1 

+2 

-15 

-14 

+  10 

+  16 

+6 

-2 

+9 

+10 

+6 

+15 

-19 

-9 

-3 

-16 

+6 

+3 

+11 

+9 

-17 

-18 

10 


Method  3 


Weight 
of  spec- 
imen 


Modu- 
lus of 
rupture 


Pounds 
92.1 
92.1 
93.3 
92.5 
92.1 
93.2 
92.1 
92.2 
91.9 
92.4 
92.2 
92.1 
93.1 
92.0 
91.8 
92.2 
93.6 
92.5 
92.4 
92.8 
93.1 
92.8 
92.0 
93.3 
93.0 
93.0 


Lbs.  per 
sg.  in. 
569 
570 
507 
540 
545 
625 
525 
576 
612 
569 
516 
509 
559 
592 
455 
452 
490 
501 
543 
501 
555 
541 
492 
477 
538 
462 
516 
490 
551 
482 
576 
549 
461 


528 


Varia- 
tion 
from 

average 


Per  cent 

+8 
+8 
-4 
+2 
+3 

+  18 
-1 
+9 

+  16 
+8 
-2 
-4 
+6 

+  12 

-14 

-14 
-7 
-5 
+3 
-5 
+5 
+2 
-7 

-10 
+2 

-12 
-2 
-7 
+4 
-9 
+9 
+4 

-13 
-7 


Method  4 


Weight 
of  spec- 
imen 


Pounds 
91.6 
91.9 
92.6 
92.7 
92.2 
91.6 
91.7 
92.3 
91.8 
91.7 
92.0 
92.2 
92.  1 
93.3 
91.6 
92.fi 
92.7 
92.8 
93.fi 
92.7 
93.5 
93.7 
92.9 
91.9 
93.3 
93.0 


92.6 
91.9 
93.7 
91.5 
93.0 
92.7 

92.5 


Modu- 
lus of 

Varia- 
tion 

Weight 
of  spec- 

rupture 

average 

imen 

Lbs.  per 
sg.  in. 

Pfr  cent 

Pounds 

563 

+3 

92.5 

513 

-r, 

91.6 

598 

+  10 

92.9 

571 

+5 

91.5 

603 

+  11 

91.8 

553 

+2 

92.0 

520 

-4 

91.4 

551 

+  1 

92.8 

541 

-1 

91.2 

555 

+2 

92.0 

561 

+3 

91.8 

589 

+8 

92.0 

523 

-4 

93.0 

499 

-8 

93.1 

529 

-3 

91.7 

520 

-4 

92.3 

559 

+3 

92.  6 

559 

+3 

92.9 

600 

+  10 

92.1 

559 

+3 

93.6 

582 

+7 

93.1 

528 

-3 

93.8 

549 

+  1 

92.8 

547 

+  1 

92.6 

47fi 

-12 

92.9 

532 

-2 

92.4 

500 

-8 

537 

-1 

557 

+2 

92.3 

501 

-8 

92.6 

603 

+  11 

92.3 

606 

+  11 

92.0 

454 

-17 

92.4 

456 

-16 

92.0 

544 

6 

92.4 

Method  5 


Modu 

lus  of 

rupture 


Lbs.  per 
sg.  in. 
545 
458 
538 
572 
587 
541 
489 
563 
639 
609 
495 
576 
576 
537 
483 
492 
563 
549 
583 
573 
585 
605 
475 
500 
547 
435 
486 
541 
563 
635 
569 
595 
554 
561 

548 


Varia- 
tion 
from 

average 


Per  cent 

-1 

-16 

-2 

+4 

+7 

-1 

-11 

+3 

+17 

+11 

-10 

+5 

+5 

-2 

-12 

-10 

+3 

0 

+6 

+5 

+7 

+  10 

-13 

-9 

0 

-21 

-11 

-1 

+3 

+  16 

+4 

+9 

+1 

+2 


Method  6 


Weight 
of  spec- 
imen 


Pounds 
92.4 
92.3 
92.1 
92.1 
90.9 
91.7 
92.6 
93.  1 
92.4 
92.6 
92.  1 
92.5 
92,5 
92.1 
91.7 
91.7 
92.7 

92.  S 
93.8  i 

93.  1 
9.3.7  : 
93.8 
92.8 
93.9 
92.2 
92.8 


Modu- 
lus of 
rupture 


93.7 
92.8 
93.8 
92.8 
92.5 
93.2 

92.6 


Lbs.  per 
sg.  in. 
597 
491 
.Ml 
557 
603 
547 
547 
587 
505 
682 
486 
597 
590 
568 
506 
571 
60 1 
,591 
537 
507 
606 
614 
613 
543 
491 
589 
547 
579 
569 
475 
577 
613 
493 
579 

562 


Varia- 
tion 
from 

average 


Per  cent 

+6 

-13 
-4 
-I 
+7 
-3 
-3 
+4 

-10 

+21 

-14 
+6 
+5 
+  1 

-10 
+2 
+7 
+5 
-4 

-10 
+8 
+9 
+9 
-3 

-13 
+5 
-3 

.+3 
+  1 

-15 
+3 
+9 

-12 
+3 


Table  2. — Test  results  for  concrete  made  with  angular  aggregate 


Method  1 

Method  2 

Method  3 

Method  4 

Method  5 

Method  6 

Spec.  No. 

Weight 
of  spec- 
imen 

Modu- 
lus of 
rupture 

Varia- 
tion 
from 

average 

Weight 
of  spec- 
imen 

Modu- 
lus of 
rupture 

Varia- 
tion 
from 

average 

Weight 
of  spec- 
imen 

Modu- 
lus of 
rupture 

Varia- 
tion 
from 

average 

Weight 
of  spec- 
imen 

Modu- 
lus of 
rupture 

V'aria- 

tion 

from 

average 

Weight 
of  spec- 
imen 

Modu- 
lus of 
rupture 

Varia- 
tion 
from 

average 

Weight 
of  spec- 
imen 

Modu- 
lus of 
rupture 

Varia- 
tion 
from 

average 

1    .. 

Pounds 
94.5 
95.2 
94.1 
93.9 
94.7 
95.3 
95.0 
94.2 
94.9 
95.2 
94.3 
94.2 
93.8 
94.7 
94.5 
94.2 
93.8 
94.4 
94.4 
94.9 
94.5 
94.8 
94.5 
94.6 
95.0 
95.4 
95.2 
94.3 
94.3 
93.8 
94.8 
94.0 
95.3 
94.2 

94.6 

Lbs.  per 
sg.  in. 
583 
534 
462 
496 
555 
626 
560 
518 
618 
432 
547 
579 
675 
587 
667 
529 
571 
445 
643 
621 
495 
538 
602 
618 
585 
544 
501 
423 
625 
597 
551 
571 

Per  cent 

+4 

-4 

-17 

-11 

-1 

+12 

0 

-7 

+11 

-23 

-2 

+4 

+21 

+5 

+20 

-5 

+2 

-20 

+15 

+11 

-11 

-4 
+11 

+5 

-3 

-10 

-24 
+12 
+7 

-1 
+2 

Pounds 
94.5 
93.5 
94.3 
94.0 
94.1 
94.7 
94.7 
94.0 
94.9 
94.7 
95.0 
93.8 
94.7 
94.2 
93.6 
93.9 
94.6 
94.7 
94.9 
95.0 
94.8 
94.6 
94.8 
95.1 
94.4 
93.8 
95.1 
94.9 
92.9 
94.3 
94.8 
95.0 
95.6 
94.6 

94.5 

Lbs.  per 
sg.  in. 
577 
520 
618 
565 
562 
521 
533 
623 
501 
573 
613 
685 
570 
1345 
6.50 
643 
638 
597 
540 
673 
532 
562 
533 
538 
546 
639 
619 
637 
536 
.535 
546 
612 
522 
571 

580 

Per  cent 
-1 

Poun  s 
94.0 

Lbs.  per 
sg.  in. 
496 
548 
497 
56fi 
476 
612 
532 
528 
602 
587 
577 
631 
513 
617 
532 
512 
600 
595 
628 
628 
570 
477 
617 
537 
420 
■371 
663 
583 
599 
527 
552 
572 
521 
555 

560 

Per  cent 

-11 
—2 

-11 
+1 

-15 
+9 
-5 
-6 
+8 
+5 
+3 

+  13 
-8 

+10 
-5 
-9 
+7 
+6 

+  12 

+  12 
+2 

-15 

+10 
-4 

-25 

■"'+18" 
+4 
+7 
-6 
-1 
+2 
—  7 
-1 

8 

Pounds 
94.4 
94.6 
93.9 
94.0 
94.6 
94.5 
95.4 
94.2 
94.4 
94.8 
93.7 
94.1 
93.9 
94.0 
94.1 
93.9 
94.3 
94.1 
94.4 
94.0 
94.8 
94.3 
95.4 
95.6 
94.7 
95.2 
94.8 
94.3 
93.9 
93.9 
94.4 
94.4 
94.1 
94.2 

94.4 

Lbs.  per 
sg.  in. 
641 
,541 
653 
575 
494 
492 
517 
570 
510 
616 
561 
553 
485 
.566 
545 
567 
555 
542 
542 
fi07 
5fil 
553 
.571 
623 
573 
536 
523 
642 
570 
639 
,535 
443 
440 
553 

Per  cent 
+15 

-3 
+  17 

+3 
-11 
-12 

+3 
-8 

+11 
+  1 
-1 

-13 
+2 
_2 
+2 
0 
-3 
-3 
+9 
+  1 
-1 
+3 

+  12 
+3 
-4 
-6 

+  15 
+3 

+  15 
-4 

-20 

-21 
-! 

Pounds 
9.3.6 
94.3 
9.3.6 
93.9 
94.5 
94.3 
94.1 
94.7 
94.1 
94.6 
94.4 
94.0 
93.5 
93.9 
93.7 
94.0 
93.7 
94.4 
94.7 
94.4 
94.3 
94.1 
94.9 
94.9 
94.3 
94.3 
94.6 
94.3 
94.7 
94.5 
95.3 
95,2 
94.9 
94.3 

94.  3 

Lbs.  per 
sg.  in. 
646 
641 
601 
fi22 
562 
565 
556 
492 
591 
605 
577 
596 
575 
545 
551 
553 
627 
655 
625 
567 
547 
551 
480 
607 
579 
550 
615 
590 
681 
605 
541 
520 
545 
521 

579 

Per  cent 

+12 

+11 
+4 
+7 
-3 
-2 
-4 

-15 
+2 
+4 
0 
+3 
-1 
-6 
-5 
-4 
+8 

+  13 
+8 
-2 
-6 
-5 

-17 
+5 
0 
-5 
+6 
+2 

+  18 
+4 

-10 
-6 
-10 

6 

Pounds 
92.5 
94.1 
94.0 
94.7 
93.9 
94.1 
94.3 
94.7 
94.2 
94.2 
94.3 
94.0 
93.9 
93.4 

93.  6 
93.6 
94.0 
93.6 

94.  6 
94.7 
93.7 
94.7 
94,4 
93,8 
94,4 
94.7 
95.7 
94,6 
94.9 
94.  4 

93,  9 

94.  9 
94.3 
94,6 

94.2 

Lbs.  per 
sg,  in. 
611 
62S 
567 
615 
687 
649 
580 
623 
628 
7,57 
fi57 
623 
553 
531 
602 
658 
559 
667 
667 

Per  cent 
0 

2....     

-10  !       94.6 

+3 

3      . 

+7 
-3 
-3 
-10 
-8 
+7 

+6 

+18 

-2 

93.5 
94.5 
94.8 
94.5 
95.4 
94.6 
95.3 
94.6 
94.2 
94.7 
94.2 
94.3 

4.... 

+1 

5 

+12 

6.... 

+6 

7    

-5 

8..  . 

+2 

9. 

+3 

10 

+24 

11...     . 

+8 

12 

+2 

13...       . 

-9 

14 

-13 

15... 

+12  !       93.2 

-fll   i      93.8 

H-IO  1      94.0 

+3         93. 2 

-1 

16 

+8 

17... 

-8 

18 

+9 

19... 

-7 
+16 
-8 
-3 
-8 

-6 

+10 

+7 

+10 

-8 

-8 

-6 

+6 

-10 

-2 

7 

94.5 
94.1 
94.6 
94.8 
95.4 
94.4 
94.5 
94.4 
94.0 
94.1 
94.4 
94.5 
94.4 
94.4 
95.2 
94.5 

94.4 

+9 

20 

21... 

532 
591 
536 
631 
634 
635 
551 
548 
558 
611 
637 
720 
549 
563 

611 

-13 

22 

-3 

23... 

-12 

24.. 

+3 

25... 

+4 

26 

+4 

27... 

-10 

28 

-10 

29.... 

-9 

30.    . 

0 

31.... 

32 

+4 
+18 

33 

-10 

34 

Average 

500 
558 

-10 
9 

-8 

7 

'  Not  included  in  average. 
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smoothed  off  with  a  steel  float.  These  tools  are 
shown  on  top  of  the  steel  beam  mold  in  Figure  1. 

All  of  the  concrete  was  a  1:2:3)2  mix,  proportioned 
by  dry  rodded  volumes  and  was  of  a  stiff  consistency, 
averaging  a  flow  of  125  on  a  30-inch  flow  table. 

Half  of  the  specimens  were  made  of  concrete  in 
which  a  very  angular  crushed  stone  was  used  as  the 
coarse  aggregate  and  the  other  half  were  made  of  con- 
crete in  wliich  a  well-rounded  gravel  was  used.  The 
coarse  aggregate  was  proportioned  from  three  separate 
sizes  in  both  cases  and  the  maximum  size  was  l}i 
inches.  The  fine  aggregate  was  in  all  cases  a  very 
clean,  high  grade,  concrete  sand. 

A  water-cement  ratio  of  0.84  was  used  for  the  con- 
crete containing  the  crushed-stone  aggregate  and  0.80 
for  that  containing  the  gravel  aggregate.  The  speci- 
mens were  6  by  6  by  30  inches  and  were  left  in  the 
molds  under  wet  burlap  for  24  hours,  after  which  they 
were  placed  in  a  damp  room  for  27  days.  Weather 
effects  were  eliminated  so  far  as  possible  by  fabricating 
two  specimens  by  each  of  the  six  methods  each  day. 
Thus  the  specimens  made  by  the  difl'erent  methods  are 
affected  by  exactly  the  same  weather  conditions. 

Tests  in  flexure  were  made  at  28  days  in  a  universal 
testing  machine  operated  by  a  hand  wheel  using  the 
set-up  shown  in  Figure  2.  It  will  be  noted  that  the 
middle  third  of  the  span  was  subject  to  a  constant 
bending  moment.  One  break  was  obtained  for  each 
specimen,  the  top  surface  as  molded  being  in  tension 
during  the  test. 


Rounded  aggregate 


Figure  2. — Method  of  Testing  Beams 
strength  data  from  specimens  made  by  various  methods 

Tables  1  and  2  give  all  of  the  data.  Table  1  contain- 
ing the  data  for  the  beams  of  gravel  concrete  and 
Table  2  containing  corresponding  data  for  those  of 
crushed-stone  concrete.  The  weight  of  each  speci- 
men and  its  modulus  of  rupture  are  given.  The 
average  modulus  of  rupture  was  computed  for  all  of 
the  specimens  made  by  each  method  and  the  percent- 
age of  variation  of  each  modulus  of  rupture  value  from 
this  average  was  computed  and  entered  in  the  table. 
These  variations  are  averaged  at  the  foot  of  the  column. 

These  data  are  summarized  for  the  six  methods  of 
fabrication  as  follows: 


Method 

1 

2 

3 

52S 
92.8 

' 

5 

6 

Average  modulus  of  rupture,  pounds 
per  square  inch 

Average  variation  from  the  average,  per 

535 

8 
92.7 

537 

10 
92.8 

544 

6 
92.5 

548 

7 
92.4 

562 

Average  weight  of  specimen,  pounds 

92.6 

Angular  aggregate 


Method 

1 

2 

3 

4 

5 

6 

Average  modulus  of  rupture,  pounds 

558 

9 
94.6 

580 

8 
94.5 

560 

8 
94.4 

556 
94.4 

579 

6 
94.3 

611 

Average  variation  from  the  average,  per 

7 

Average  weight  of  specimen,  pounds 

94.2 

Before  passing  to  a  discussion  of  the  data  presented 
there  were  certain  observations  made  regarding  the  use 
of  the  various  methods  which  are  of  considerable  im- 
portance in  making  comparisons.  Comparing  methods 
1  and  2,  the  additional  rodding  specified  for  the  latter 
method  added  but  little  to  the  total  labor  recpiired  to 
make  the  specimen.  The  operator  had  the  impression 
that  better  compaction  was  obtained  with  the  additional 
rodding. 

The  spading  required  in  methods  3  and  4  seemed  to 
stiffen  up  the  concrete  and  gave  it  a  well-mixed  ap- 
pearance. It  was  more  difficult  to  force  the  spade 
down  along  the  mold  in  the  case  of  these  two  methods 
than  with  an.y  of  the  others  and  there  appeared  to  be 
more  resistance  to  screeding  the  surface,  particularly 
with  method  4. 

Method  5  showed  a  tendency  to  stiffen  the  concrete 
although  this  was  not  nearly  so  marked  as  in  the  case 
of  methods  3  and  4.  The  small  tamper  used  in  this 
method  did  not  operate  to  produce  a  plane  through 
the  specimen  where  the  two  layers  of  concrete  came 
together. 

With  method  6  there  w^as  a  decided  tendency  to  form 
a  plane  between  the  two  layers  of  concrete.  The  large 
tamper  did  not  distribute  the  concrete  well  but  a  marked 
tamping  action  was  apparent.  It  seemed  that  there  was 
more  eff'ect  from  variations  in  the  force  of  the  blow  struck 
in  this  than  in  any  of  the  other  methods  employed. 
The  large  tamper  was  difficult  to  manipulate  skillfully. 

DATA    INDICATE    LITTLE    DIFFERENCE    BETWEEN    RODDING    AND 
SPADING  METHODS 

From  the  standpoint  of  the  strength  of  the  speci- 
mens obtained  with  the  various  methods  the  data  indi- 
cate that  there  is  little  difference  between  the  first  five 
methods.  The  large  tamper  used  in  method  6,  how- 
ever, seems  to  give  somewhat  greater  strength  and  this 
is  particularly  noticeable  in  the  case  of  concrete  con- 
taining the  angular  aggregate. 

An  examination  of  the  data  for  uniformity  based  on 
the  variations  of  the  individual  specimens  from  the 

(Continued  on  p.  115) 


EFFECT  OF  MOISTURE  CONTENT  ON  THE  STRENGTH 
OF  CEMENT  MORTAR  SPECIMENS 

By  D.  0.  WOOLF.  Assistant  Materials  Engineer,  and  BAXTER  SMITH,  Assistant  Scientific  Aide 


IT  HAS  been  known  for  some  time  that  air-dry  cement- 
mortar  specimens  give  higher  strength  values  in 
compression  than  do  specimens  which  are  thoroughly 
saturated  with  water.  There  are  a  number  of  tests 
to  demonstrate  this,  but  it  is  doubtful  if,  in  many 
cases,  the  specimens  have  had  identical  curing.  In 
the  majority  of  instances,  the  specimens  which  were 
tested  dry  appear  to  have  been  cured  in  water  for  a 
short  period  and  then  air-cured  until  test.  This  method 
gives  results  which  are  affected  not  only  by  the  condition 
of  the  specimen  at  test  but  also  by  the  method  of  curing. 

In  an  investigation  to  determine  the  effect  of  the 
condition  of  the  specimen  at  the  time  of  test  on  the 
strength  and  which  was  not  influenced  by  the  curing 
method,  a  number  of  sets  of  tension  briquets,  2-inch 
cubes,  and  2  by  3  by  12  inch  beams  were  made  of 
1  : 2  sand-mortar.  These  specimens  were  cured  in 
water  for  six  months.  The  specimens  to  be  tested  wet 
were  kept  in  water  until  placed  in  the  testing  machine; 
the  other  specimens  were  dried  in  warm  air  for  two 
days  prior  to  test.  In  the  case  of  the  beams,  it  was 
desired  to  make  one  wet  and  one  dry  test  on  the  same 
specimen;  consequently,  after  test  in  a  wet  condition, 
the  larger  portion  of  the  broken  beam  was  dried  in 
warm  air  for  two  days  and  then  tested.  The  2-day 
difference  in  age  between  the  wet  and  dry  specimens 
may  be  ignored  in  consideration  of  the  age  of  the  speci- 
mens at  test. 

The  beams  were  tested  in  a  cantilever  beam  testing 
machine,  which  is  described  in  the  May,  1928,  issue  of 
Public  Roads.  Tension  and  compression  tests  were 
made  in  standard  machines  of  1,000  and  40,000  pounds 
capacity,  respectively.  The  test  results  are  given  in 
the  accompanying  tables. 

It  will  be  noted  that  the  wet  specimens  gave  higher 
strengths  in  tension  and  flexure  and  the  dry  specimens 
gave  higher  strengths  in  compression.  According  to 
one  theory,  which  has  been  presented  ^  the  cement 
paste  which  incorporates  the  aggregate  particles  shrinks 
upon  drying  and  develops  a  tensile  stress  between  the 
individual  particles  comprising  the  cement  paste. 
When  the  specimen  is  resaturated  with  water,  the 
material  expands  and  it  would  then  appear  that  the 
initial  tensile  stress  in  the  cement  paste  is  reduced  to 
zero.  The  reason  for  the  difference  in  strength  between 
the  wet  and  dry  specimens  may  then  be  explained  by 
the  presence  of  this  internal  stress  in  the  dried  cement 
paste.     When  a  dried  concrete  specimen  is  tested  in 

1  Article  entitled  "Facts  from  the  Laboratory,"  Concrete  Highway  and  Public 
Improvements  Magazine,  October,  1928. 


compression,  this  initial  tension  must  be  overcome 
before  the  specimen  is  actually  put  in  compression, 
thereby  increasing  the  observed  load,  whereas  when  a 
dried  specimen  is  tested  in  tension,  the  initial  tension 
will  operate  to  reduce  the  total  observed   load. 

Less  variation  from  the  average  is  found  in  the  wet 
specimens  than  in  those  which  were  tested  in  a  dry 
condition,  the  mean  variations  being  3. (J  per  cent  for 
the  wet  specimens  and  5  ])er  cent  for  the  dry  ones. 

Effect  of  'tnoisliirc  an  xtrcngih  of  1:2  morlar  at  age  off!  iiionlfia 
STRENGTU  I.V  TKN8ION— POUNDS  PER  SQUARE  INCH 


Set  No. 

Wet 

Dry 

AV. 

Change 

I 

2 

3 

Av. 

1 

2 

3 

strength' 

1 

565 
550 
,550 

565 
515 
495 

510 
5(10 
550 

565 
520 
495 

510 
510 
510 

535 
585 
535 

530 
520 
535 

555 
540 
510 

395 
385 
460 

335 
430 
450 

330 
405 
355 

395 
400 
480 

380 
310 
320 

395 
330 
330 

370 
365 
380 

375 
385 
410 

Per  cent 
30 

2 

30 

3 

4 

29 
32 

5     . 

29 

6     

19 

Average 

530 

380 

28 

1 

STRENGTH  IN  COMPRESSION— POUNDS  PER  SQUARE  INCH 


1 

6,  6,50 
6,  690 
4,630 

6,350 
6,125 
6,355 

"6,"74,5" 

6,545 
"e,'486" 

6, 650 
6,280 
5,425 

6,240 
6,  600 
6,105 

6,650 
6,570 
5,025 

6,380 
6,360 
6,315 

6,640 

8,385 

7,220 
7,200 
6,215 

6,  7.30 
6,930 
6,955 

7,415 
7,120 

6,  .580 

6,710 

7,  930 
7,130 

12 

2 

7,045 
7,  590 

6,  690 

".5,"946' 

8 

3 

4     .             .   ... 

31 

5 

5 

6 

8, 510     8, 370 
7,305  1 

25 
13 

" 

6,215 

1 

7, 145 

15 

1 

'  Based  on  strength  of  wet  specimens. 

MODULUS  OF  RUPTURE-POUNDS  PER  SQUARE  INCH 


Wet 

Dry 

Change 

in 
strength 

Set  No. 

Load 

Modulus 
of  rup- 
ture 

Load 

Modulus 
of  rup- 
ture 

1 

Pound 
105.5 
106.0 
114.0 

116.5 
109.3 
109.0 

Lbs.  per 

sq.  in. 

650 

650 

700 

715 
670 
670 

Pound 
69.0 
63.0 

77.  5 

73.6 
79.0 
68.0 

Lbs.  per 

sg.  in. 

430 

390 

480 

455 
490 
425 

Per  cent 
34 

2                                     

40 

3                              .   

31 

4                              .   ...   

36 

.5                          

27 

6 

37 

675 

445 

34 

Based  on  strength  of  wet  specimens. 
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SIMPLE  LABORATORY  EXPERIMENTS  ON  CAPILLARY 
MOVEMENT  AND  ENTRAPPED  AIR  IN  CLAYS 

By  DMITRY  P.  KRYNINE,  Professor  of  Highway  Engineering,  Moscow  Superior  Technical  School  and  Moscow  Institute  of 

Transportation  Engineering 


THE  HIGHWAY  engineer  is  generally  perfectly 
familiar  with  the  meaning  of  the  term  "capillary 
movement"  of  water  in  soils.  During  and  after 
rains,  when  the  surface  poil  is  more  moist  than  the  lower 
la3'er,  the  capillary  movement  added  to  the  action 
of  gravity  causes  the  water  to  penetrate  into  the 
ground;  when  the  surface  soil  has  been  dried  by  sun 
and  wind,  the  capillary  flow  is  upward.  It  may  be  said 
that  in  dry  clay,  capillary  movement  may  take  place 
upward,  downward,  or  laterally.  The  tisual  terms 
"capillary  rise"  or  "capillary  tipward  movement" 
convey  an  inexact  idea  and  should  be  tised  only  to  ex- 
press a  restricted  meaning. 

DIRECIION  OF  CAPILLARY   MOVEMENT  DEMONSTRATED 

The  direction  of  capillary  movement  may  be  demon- 
strated by  a  simple  experiment  using  the  apparatus 
shown  in  Figure  1.  The  box  (1)  is  filled  with  dry  clay 
powder.  The  white  line  (3)  corresponds  to  the  top  of  a 
glass  tube  in  the  interior  of  the  box;  the  water  is  con- 


ducted to  this  tube  from  a  glass  funnel;  (2)  is  simply  a 
rubber  tube.  The  permanent  level  of  water  at  the 
elevation  of  the  white  line  (3)  is  maintained  by  dropping 
water  from  the  dropper  (4).  After  a  certain  time  the 
front  side  of  the  box  is  taken  away,  and  in  the  middle 
of  the  dry  soil  a  round  body  is  to  be  found.  It  may  be 
easily  cleaned  of  dry  clay  particles;  its  view  is  repre- 
sented in  Figures  2  and  3.  It  is  not  a  perfect  sphere, 
but  an  ellipsoid,  called  by  the  writer  "ellipsoid  of  set- 
ting." The  vertical  axis  of  this  ellipsoid  is  generally 
shorter  than  the  horizontal  one,  and  the  difference 
depends  upon  the  mechanical  composition  of  the  clay 
as  well  as  upon  it  density. 

The  phenomenon  may  be  also  demonstrated  with  a 
metallic  rectangular  box  with  a  single  hole  about  one- 
fourth  inch  in  diameter  in  the  center  of  the  bottom. 
Fill  the  box  with  dry  clay  powder  and  put  it  into  water, 
the  level  of  which  must  be  maintained  just  even  with  the 
bottom.  After  a  certain  time  (for  instance,  half  an  hour) 
a  semiellipsoid  of  wet  clay  may  be  found  in  the  box. 


Figure  I. — Apparatus   for   Demonstrating   Capil- 
lARY   Movement  of  Water  in  Clay 
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Figure  2. — Ellipsoid  of  Moist  Clay  Formed 
BY  Capillary  Movement  of  Water 


August,  1929 
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Figure   3. — Ellipsoid 
Moist  Clay 


Naturally,  the  dry  clay  must  be  accurately  deposited 
in  thin  layers  and  preferably  through  a  rubber  tube.^ 
Capillary  movement  is  due  to  molecular  attraction  of 
water  by  clay  particles.  A  part  of  the  attracted  water 
sticks  to  the  surfaces  of  the  particles,  and  another 
part  moves  forward  to  a  certain  point  when  the 
movement  stops  apparently.  Thus  in  clay  ground 
there  are  clay  particles  and  capillary  water.  In 
addition,  air  is  also  present 
in  the  clay,  especially  in  its 
upper  cushions.  The  writer 
thinks  the  air  present  in  soil 
may  act  in  three  different 
ways:  (a)  So  that  in  one 
way  or  another  it  commu- 
nicates to  the  surroimding 
atmosphere  and  assumes  di- 
rectly the  temperature  and 
the  pressure  of  the  nearest 
particles  of  the  atmosphere; 
(b)  so  that  it  does  not  com- 
municate to  the  atmosphere 
by  means  of  air  channels, 
but  stands  under  a  pressure, 
which  is  determined  by  the 
state  of  stress  which  exists  in  the  water;  this  is  anal- 
ogous to  a  bubble  in  a  spirit  level,  and  may  be  termed 
"entrapped"  or  "pinched"  air,  often  microscopic  in 
size,  and  (c)  as  absorbed  air  which  sticks  like  glue  to 
the  particles  of  soil. 

During  the  capillary  movement  the  water  replaces 
the  air  in  the  soil  pores  and  drives  it  forward.  Let  us 
see  this  phenomenon  in  a  simple  experiment  using  the 
apparatus  shown  in  Figure  4. 

The  glass  tube  (1)  has  the  bottom  end  covered  with 
cheesecloth    and   is    accurately    filled   with   dry   clay. 

Pour  some  water  on  the  top 
of  the  soil  column  and  the 
penetration  of  water  into 
soil  begins  immediately. 
Some  minutes  after,  put  the 
bottom  end  into  water. 
One  or  two  minutes  after  a 
crack  will  be  noted  just  on 
the  limit  between  the  wet 
soil  and  the  dry  soil.  The 
crack  augments  and  raises 
the  soil  cork  (3);  indicating 
that  the  air  driven  from  the 
bottom  of  the  tube  by  the 
capillary  water  is  accumu- 
lated in  the  spot  (4).  The 
cork  (3)  is  impermeable  to 
the  water  penetrating  into 
the  soil  from  top  to  bottom 
and  to  the  air  moving  from 
Figure  4. — A  p  p  a  r  a  t  u  s  bottom  to  top. 
Used    in    Demonstrat-         Naturally,  the  air  accumu- 

ING      ACTION     OF     CaPIL-       J^tcd    lu     thc     SpOt     (4)    Is    UOt 

lary  Water  in  Driving  ,  j       •    ^  •        •  ,         ,   •    , 

Air  FROM  Pores  OF  Soil    entrapped    air    m    its   strict 
meaning,   but  in   any  case 
it  is'an  accumulation  of  entrapped  air. 

Take  the  tube  out  of  the  basin  and  the  air  at  point  4 
will  find  its  way  through  the  bottom  of  the  tube  and 
the  cork   (3)   begins  to  lower.     As  soon  as  its  lower 

'  For  a  description  of  method  of  depositing  see  "Elementary  Proof  of  Shale- 
likeness  of  Clay  Particles,"  by  D.  P.  Krynine,  Public  Roads,  vol.  8,  no.  11, 
January,  1928 


surface  touches  the  dry  soil,   the  penetration  of  the 
water  into  soil  will  continue. 

These  simple  facts  were  observed  in  the  highway 
laboratory  of  the  Moscow  Superior  Technical  School 
by  Prof.  D.  P.  Kiynine,  N.  V.  Laletine,  and  A.  A. 
Ehrlich,  the  former  graduate  and  the  latter  under- 
graduate in  civil  engineering,  coworkers. 


(Continued  from  p.  112) 

averages  for  the  various  series  shows  that  about  the  same 
average  variation  and  about  the  same  dispersion  obtains 
for  all  of  the  six  methods.  The  only  exception  is  in  the 
data  for  method  2  in  Table  1  (rounded  aggregate.) 
Here,  for  no  obvious  reason,  there  are  an  unusual  num- 
ber of  variations  of  the  order  of  15  per  cent.  In  gener- 
al, it  may  be  said  that  the  uniformity  of  the  strength 
data  does  not  seem  to  be  affected  to  any  important  de- 
gree by  the  methods  of  fabrication  used  in  these  tests. 

It  was  hoped  that  the  weights  of  the  specimens 
would  reflect  the  degree  of  compaction  obtained  by  the 
various  methods  since  all  of  the  specimens  were  made 
m  accurately  machined  steel  molds  which  have  the  same 
volumes  within  close  limits.  The  weights  are  a 
measure  of  the  average  density  of  the  specimens  but 
some  of  the  methods  used  did  not  give  specimens  of 
uniform  density.  This  was  particularly  noticeable  in 
the  case  of  the  large  tamper  (method  6)  where  the 
angular  aggregate  was  used.  The  specimens  were  not 
thoroughly  compacted  in  the  corners  and  this  seems 
to  be  the  explanation  for  the  fact  that  this  group  showed 
the  lowest  average  weight.  These  same  specimens 
showed  the  highest  average  strength  of  any  in  which 
this  concrete  was  used  and  this  was  probably  due  to  the 
compaction  obtained  in  the  critical  section  by  the  use 
of  the  large  tamper. 

From  observations  made  during  these  tests  the 
rodding  and  spading  methods  are  more  apt  to  give 
specimens  which  appear  to  have  uniform  density  than 
are  the  tamping  methods.  Considered  from  the 
standpoint  of  practical  operation  there  are  arguments 
for  both  the  spading  and  the  rodding  methods.  It  is 
necessary  to  spade  the  specimen  along  the  sides  and 
ends  and  if  the  same  tool  would  suffice  for  compacting 
the  specimen  then  only  one  tool  need  be  taken  on  the 
job.  On  the  other  hand  the  rodding  of  specimens  is 
well  established  and  the  rods  used  are  easy  to  procure. 
There  are  also  advantages  in  the  use  of  the  same  tools 
for  the  fabricating  of  both  compression  and  flexure 
specimens.  As  far  as  ease  of  manipulation  is  con- 
cerned, it  is  not  believed  that  there  is  any  choice  be- 
tween the  rod  and  the  spade. 

Tamping  methods  are  not  believed  to  be  as  satis- 
factory as  rodding  or  spading  because,  in  addition  to 
the  possibility  of  less  uniform  specimens,  the  force 
applied  by  the  operator  will  have  more  effect  than  will 
be  the  case  with  a  sharp-edged  or  pointed  tool. 

CONCLUSIONS 

The  following  conclusions  seem  justified  b}"  the  data 
obtained  in  this  investigation : 

That  both  the  rodding  and  spading  methods  used 
are  equally  satisfactory  so  far  as  strength,  uniformity 
and  ease  of  fabrication  are  concerned. 

That  the  additional  manipulation  of  methods  2  and 
4  over  that  of  methods  1  and  3  results  in  little  or  no 
improvement  in  the  specimens  obtained. 

That  the  tamping  methods  are  not  as  satisfactory 
as  are  the  rodduig  or  spading  methods. 
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RELATION  OF  COARSE  AGGREGATE  CONTENT  TO  THE  QUALITY  OF  PAVEMENT  CON- 

CRETE  TO  BE  STUDIED 

An  investigation  to  determine  the  effect  of  variations 
in  the  amount  of  coarse  aggregate  on  the  quahty  of 
Portland  cement  concrete  in  pavements  constructed 
with  standard  e(|uipment  has  been  initiated  by  the 
Bureau  of  Pubhc  Roads  and  a  series  of  nearly  250  slabs 
is  now  under  construction  at  the  iVrlington  Experiment 
Station  near  Washington.  Experience  in  pavement 
construction  in  North  Carolina  has  indicated  that,  with 
a  close  control  of  grading  of  the  coarse  aggregate,  it  may 
be  possible  to  use  a  considerably  larger  quantity  of 
coarse  aggregate  than  has  heretofore  been  customary 
and  thereby  effect  appreciable  economies  in  construc- 
tion costs.  It  is  desirable  to  investigate  the  matter 
b}'^  using  standard  consti'uction  ecpiipment  for  making 
and  finishing  full-size  test  slabs  laid  under  closely  con- 
trolled conditions. 

A  single  commercial  concrete  sand  of  good  quality  is 
being  used  as  the  fine  aggregate  in  all  of  the  slabs.  The 
following  variables  have  been  included  in  the  tests. 

(a)  Coarse  aggregate  of  three  types: 

1.  Crushed  stone. 

2.  Rounded,  uncrushed  gravel. 

3.  Blast  furnace  slag.     To  be  used  with  coarse 

aggregate  grading  No.  1  only. 

(b)  Coarse  aggregate  of  two  gradings: 

1.  Material  graded  from  one-fourth  inch  to  2K 

inches  and  containing  a  proper  amount 
of  one-fourth  to  three-fourths  inch  ma- 
terial. 

2.  In   the  second  grading  the  crushed  stone 

will  be  deficient  in  one-fourth  to  three- 
fourths    inch    material,    but    the    gravel 
will  carry  an  excess  of  this  size  and  will  be 
limited  to  a  maximum  size  of  f  Jo  inches. 
The  coarse  aggregates  will  be  measured  in  three  com- 
mercial sizes,  as  follows:  2'.,  inches  to   1%  inches,   1% 
inches  to  tliree-fourths  inch,  and  three-fourths  to  one- 
fourth  inch. 

(c)  Six     proportions     (diy,     rodded     volumes)     as 
follows : 

f.   f:2:3io. 

2.  1:2:4. 

3.  1:2:41^. 

4.  l:2:4?t 

5.  1:2:5. 
6.^  l:2:5'i 

The  addition  of  coarse  aggregate  will  proceed  only  to 
the  limit  of  workability  for  each  aggregate.  It  is  not 
expected  that  it  will  be  feasible  to  use  as  much  crushed 
stone  or  slag  as  gravel. 

(d)  Three  consistencies  are  being  used  ranging  from 
the  driest  which  can  be  placed  and  finished  to  a  rela- 
tively wet  mix  which  can  be  handled  easily. 

(e)  Two  finishing  machines  are  being  used. 
The  pavement  slabs  are  9  feet  square  and  7  inches 

thick  and  are  placed  with  the  use  of  steel  side  forms. 


Placing  Coxckete  Sl.\b.s  .■vnd  Casting  Specimens 

Mixing,  placing  and  finishing  of  the  concrete  is  in 
accordance  with  modern  paving  practice  using  standard 
e(piipment. 

The  slabs  are  divided  longitudinally  l)y  dummy  joints 
or  planes  of  weakness  and  the  various  sections  are 
separated  f)y  transverse  headers.  The  mixing  time  is 
one  minute.  The  slabs  are  covered  with  wet  burlap 
for  24  hours,  followed  by  wet  earth  for  10  days.  De- 
tailed ol)servations  are  being  made  as  to  consistency, 
workability  and  jdeld. 

After  curing  the  slabs  are  to  he  drilled  for  cores  and 
subdivided  into  beams  suitable  for  flexure  tests.  The 
strength  tests  will  be  made  at  an  age  which  will  be 
determined  later. 

vSupplementary  tests  are  also  to  be  made  on  beams 
and  cylinders  cast  at  the  time  the  pavement  slab  is 
placecl.  These  tests  should  yield  data  as  to  the  rela- 
tionship between  the  strength  of  molded  specimens  and 
that  of  specimens  cut  from  pavement  slabs. 
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Vo.  11,  No.  10,  D-15.  Tests  of  a  Large-Sized     Rcinforced-Con- 

crete    Slab     Subjected    to     Eccentric 

Concentrated  Loads. 


*  Department  supply  exhausted. 
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A  STUDY  OF  GRAVEL,  TOPSOIL,  AND  SAND-CLAY 

ROADS  IN  GEORGIA 

Report  on  Cooperative  Research  by  the  State  Highway  Board  of  Georgia  and  the  U.  S.  Bureau  of  Public  Roads 

By  Dr.  C.  M.  STRAHAN,  Acting  as  Special  Director  of  Research  for  the  State  Highway  Board  of  Georgia 


IN  1922  the  State  Highway  Board  of  Georgia  and  the 
United  States  Bureau  of  Public  Roads  entered  into  a 
cooperative  agreement  for  the  study  of  local  gravel, 
chert,  semigravel,  topsoil,  and  sand-clay  roads  in 
Georgia.  The  investigation  was  directed  to  a  deter- 
mination of  the  scientific  combination  of  soil  ingredients, 
traffic  behavior,  and  economic  life. 

Twenty-nine  projects  on  the  State  system  constructed 
by  the  State  highway  department  with  Federal  aid 
were  selected  for  study.  These  projects  represented 
typical  topographic,  climatic,  and  subgrade  conditions 
and  comprised  a  total  lengtli  of  247  miles.  All  of  the 
projects  had  been  completed  between  1919  and  1921 
and  had  been  maintained  by  county  authorities,  and 
in  1922  w^ere  in  process  of  transfer  to  the  State  highway 
board  for  future  upkeep.  The  opportunity  was  at  hand 
for  keeping  complete  records  of  maintenance  costs,  insti- 
tuting traffic  counts,  and  pursuing  systematic  labora- 
tory and  field  research  in  relation  to  the  projects  chosen. 

The  list  selected  comjirised  the  following: 

Two  chert  roads  in  northwest  Georgia,  where  liberal 
deposits  of  chert  are  found  amid  prevailing  surface 
soils  of  limestone  and  clay  origin. 

Three  projects  in  west  central  and  southwest  Georgia 
built  from  the  abundant  local  red  pebble  or  iron-silica 
road  soils. 

Two  roads  built  from  local  clay -gravel  material;  one 
in  Richmond  and  the  other  in  Quitman  County. 

One  gravel  road  built  from  imported  gravel  on  a 
subgrade  of  fine  sand  in  Cliarlton  County,  where  no 
local  road  soils  were  available. 

Two  projects  largely  built  with  artificial  sand-clay 
mixtures  using  the  existing  red  clay  subgrade  material 
into  which  coarse  sand  was  incorporated. 

Two  semigravel  roads  in  northeast  Georgia  built 
from  local  deposits  running  high  in  natural  quartz 
material  coarser  than  No.  10  sieve. 

The  remaining  17  projects  were  built  from  local  sand- 
clay  and  topsoil  deposits  found  near  the  road  site. 

The  range  of  materials  embraced  by  tlie  individual 
samples  reaches  from  the  best  semigravel  and  class  A 
soils  (see  classification  on  page  118)  down  to  a  few  weak 
class  C  materials.  The  majority  of  the  road  soil 
projects  show  the  presence  of  class  A  and  class  B  soil 
mortar  associated  with  coarse  material  varying  from 
zero  to  30  per  cent. 

For  economy  in  construction  the  deposits  sought  for 
and  used  were  those  within  short  haul  of  the  work.  An 
average  haul  of  1  mile  or  less  was  thus  obtained.  In 
consequence  various  deposits  were  utilized  on  long  proj- 
ects, resulting  in  notable  variations  in  composition  and 
behavior  for  different  sections  of  the  same  project.  In 
studying  the  detailed  analytical  data,  this  fact  must  be 
borne  in  mind. 

RESEARCH  PROGRAM  CAREFULLY  OUTLINED 

The  research  was  carried  out  according  to  the  follow- 
ing program : 

1.  Careful  inspection  trips  were  made  each  spring 
and  fall  on  which  notes  were  taken  and  photographs 
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made.  One  hundred  and  eighty  sample  points  were 
carefully  located  and  samples  were  taken  on  each  for 
analysis  and  labonitory  study. 

On  the  spring  insi)oction  a  record  was  made  by  notes 
and  photograplis  of  any  weakness  developed  by  winter 
and  wet  spring  weather  and  of  nuiintenance  results. 

2.  Systematic  tiafiic  counts  were  nuide  on  each  proj- 
ect. A  daylight  count  during  eight  days  of  each  month 
in  alterfuite  years  wtis  begun,  using  two  days  of  each 
week  thus:  Sunday  and  Monday  of  the  first  week, 
Tuesday  and  Wednesday  of  the  second  week,  and  so 
on.  This  plan  was  used  for  two  years,  after  which  it 
was  found  that  the  average  figures  for  spring,  sunmier, 
fall,  and  winter,  computed  for  all  months  in  each  season, 
practically  coincided  with  the  8-day  seasonal  count  in 
February,  May,  August,  and  November.  Thereafter, 
8-day  seasonal  counts  were  taken. 

3.  Maintenance  cost  records  were  instituted  and 
systematically  kept. 

4.  Laboratory  studies  covered  the  several  soil  ingre- 
dients (coarse  material,  sand,  silt,  and  clay)  in  their 
various  physical  and  capillary  interactions,  and  inci- 
dental tests  were  tried  out. 

5.  Depths  of  surfacing  at  the  sample  points  were 
recorded  each  year  as  a  factor  bearing  upon  the  loss  of 
material  and  upon  the  influences  of  maintenance  opera- 
tions. 

The  broader  aims  of  the  research  were  twofold.  First, 
to  determine  construction  and  maintentmce  costs,  resid- 
ual surface  thickness,  traffic  burden,  tmd  salvage  value 
at  a  given  time  as  a  basis  for  conclusions  as  to  tlie 
economic  worth,  and  life  efficiency.  Thus,  a  measure 
of  traffic  capacity  and  cost  relations  could  l)(>  (puintita- 
tively  determined. 

The  second  objective  was  to  determine  the  causes 
of  surface  strength  and  weakness,  to  develop  tests  and 
standards,  and  to  improve  traffic  service  for  such 
abundant  and  low  cost  road  nuiterials. 

This  program  has  been  steadily  followed  for  live 
years,  extenduig  from  July,  1922,  to  July,  1927. 
Incidental  to  field  inspection  of  the  29  widely  separated 
projects,  some  1,800  miles  of  State  highwttys  were 
traversed  twice  each  year.  Most  of  this  large  mileage 
is  of  road-soil  ty])e.  Observation  and  notes  have  thus 
been  greatly  extended  as  to  the  general  behavior  of 
road  soils  on  the  State  system.  The  research,  while  in 
progress,  has  been  useful  in  relation  to  current  main- 
tenance methods,  drainage  needs,  and  reconstruction 
problems  to  be  antici[)ated. 

Perhtips  the  brotulest  bearing  of  this  res(>arch  is  in 
cont'.ection  with  the  future  of  seeondaiy  and  light 
trtillic  roads  which  recpiire  better  utilization  of  nalurtil 
soils  and  (l(>posits  for  improved  service.  Main  rotids 
will  ultimately  be  ])aved.  The  90  per  cent  or  more  of 
secondary  roads  which  comprise  the  imni(>diate  agii- 
cultural  traffic  outlet  can  not  hope  for  such  large  invest- 
ment of  public  funds. 

'I'he  investigation  is  of  importance  in  connection 
with  paved  rotids,  tis  road  soil  surfaces  have  high 
stability  when  utilized   as  the  subgrade  of  pavements. 
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Serving  as  the  first  stage  of  betterment  for  the  impor- 
tant roads,  immediately  upon  grading  and  during  settle- 
ment of  the  roadbed,  road  soil  surfaces  bring  a  sub- 
stantial support  and  increased  life  to  the  jiavement  that 
later  rests  upon  them. 

ROAD  SOILS  ANALYZED  AND  CLASSIFIED 

The  research  invaded  a  complex  field  bristling  with 
queries  and  partially  known  facts.  Methods  of  con- 
structing these  roads  have  grown  out  of  large  scale 
e.xperience.  Scientific  explanation  of  their  behavior 
and  laboratory  tests  rest  upon  a  similar  empirical  basis 
established  by  experience.  The  attempt  is  made  in 
this  research  to  submit  certain  quantitative  results 
which  at  least  are  more  specific  than  the  knowledge 
hitherto  available  from  general  experience. 

In  other  directions,  the  best  which  could  be  done  was 
to  record  the  judgment  of  a  trained  observer,  applied 
twice  each  year,  to  short  sections  of  each  project,  and 
to  express  that  record  in  words  or  figures  which  might 
carry  a  more  definite  significance  to  the  mind  of  the 
reader.  Hence  the  report  must  be  read  in  the  light  of 
special  definitions  and  special  meanings  of  terms  sub- 
sequently presented. 

The  mechanical  analyses  of  all  road  surface  samples 
were  carried  out  in  duplicate,  using  methods  approved 
by  the  Bureau  of  Public  Roads.'  Under  these  methods 
the  following  definitions  apply : 

Clay. — Material  separated  by  .subsidence  through  water  and 
possessing  plastic  or  adhesive  properties,  generally  below  0.02 
millimeter  in  diameter. 

Silt. — Fine  material,  other  than  clay,  which  ])asses  a  No.  200 
standard  sieve,  generally  from  0.07  to  0.02  millimeter  in  diam- 
eter, having  little  or  no  plasticity. 

Sand. — Hard  material,  usually  siliceous,  which  passes  a  No. 
10  standard  sieve,  generally  from  1.85  to  0.07  millimeter  in 
diameter. 

Coarse  material. — Hard  material  of  gravelly  nature,  retained 
on  a  No.  10  sieve,  i.  e.,  more  than  1.85  millimeters  in  diameter. 

Soil  mortar. — Mixtures  of  clay,  sand  and  silt  as  defined  atjovc, 
i.  e.,  all  material  in  the  samj^le  which  passes  a  No.  10  sieve. 

T.he  coarse  material  is  determined  as  a  percentage  of 
the  w.hoIe  sample. 

The  soil  mortars  are  the  starting  point  of  a  percentage 
analysis  of  material  below  the  No.  10  sieve  and  are 
classified  and  limited  as  shown  below: 


Yi  itlfc-i' 


Hard,  or 
class  A 

Medium, 
or  class  B 

Soft,  or 
class  C 

Clay. 

Per  cent 

10  to  18 

5  to  15 

65  to  80 

Per  cent 
15  to  25 
10  to  20 
60  to  70 

Per  cent 
10  to  25 

Silt 

10  to  20 

Total  sand 

55  to  80 

Total 

100 

100 

100 

Sand  retained  on  No.  60  sieve 

45  to  60 

30  to  45 

15  to  30 

The  last  item  representing  the  coarser  sand  is  an 
irnportant  element  in  the  stability  of  the  surface,  espe- 
cially during  wet  weather. 

Samples  containing  10  per  cent  or  more  of  hard, 
coarse  material  in  well-graded  sizes  below  1.5  inches 
diameter  have  an  increased  hardness  and  durability 
roughly  proportional  to  the  amount  present. 

The  program  of  analysis  included  successive  an- 
nual samples  taken  from  each  of  the  carefully  located 
points   on  each  project.     Typical   tabulations  of  the 

1  These  methods  described  in  bulletin  of  the  University  of  Georgia,  June  1922, 
vol.  22,  No.  .5a 


1923 


■■%. 


\    %t-. 


1925  .  - 

Project  No.  5,  in  Bacon  Counts.     Sample  Point  No.  2 

results  of  analyses  and  field  observations  are  shown  in 
Tables  1  to  3. 

Those  results  must  be  considered  in  the  light  of  the 
possible  causes  of  changes  in  composition  to  which 
such  surfaces  are  exposed. 

1.  The  original  surfacing  is  not  strictly  tmiform. 
Samples  taken  from  tlie  same  place  in  the  road  may  be 
expected  to  show  normal  variations  of  2  to  5  per  cent 
in  the  sand  or  clay  items. 

2.  The  original  surfacing  was  18  feet  wide  with  4-foot 
shoulders  of  unselected  local  dirt.  It  is  to  be  expected 
that  maintenance  of  the  surface  by  road  machines, 
drags,  and  scarifiers  would  incorporate  some  of  this 
poor  shoulder  material  with  the  surfacing  material. 

3.  When  the  surface  is  not  frequently  machined,  it 
may  become  so  much  displaced  as  to  need  scarifying 
and  addition  of  new  material  for  reshaping.  If  the 
design  thickness,  normally  6  to  8  inches,  was  not  put 
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T.\Bi.K    1.     I'lujid  data  sheet  typical  of  north  Georgia  experiments  ' 

[Federal-aid  project  No.  4  in  Walton  County;  top-soil  surface;  9.12  miles  lonj;;  compleiorl  .hily.  1020;  red  clay  subsoil;  lop-soil  slumlders] 
SAMPLE  POINT  NO.   1,   1.4   MILES— ON  (TRVK    KUilir,  OVKK   ClIAKUT,  ON  5-KOO  1'   KILL 


Depth 
of  slab 

Coarse 
mate- 
rial 

Sand 

Silt 

Clay 

(irade  of 
soil 

Service 
quality 

Surface  conilition 

Year 

Pa.ssing 

No.  10 

retained 

on  No.  20 

Pa>)Sing 

No.  20 

retained 

on  No.  60 

Total 
retained 
on  No.  60 

Passing 

No.  60 

retained 

on  No.  200 

Total 

1922 

Inches 
6 
6 

5.5 
5 

5 

4.5 

Per  cent 
22 
20 
25 
40 

34 

Per  cent 
23.  1 
17.0 
16.8 
22.8 

16.8 

Per  cent 
29.4 
28.2 
26.0 
29.6 

30.0 

Per  cent 
52.5 
45.2 
42.8 
52.5 

46.8 

Per  cent 
16.  1 
13.  3 
16.  9 
16.4 

14.9 

Per  cent 
68.  6 
56.  5 
59.  7 
68.9 

61.7 

Per  cent 
10. 3 
9.4 
12.7 
10.6 

12.2 

J'cr  cent 
21.  1 
:t2.  1 
27.  6 
20.  5 

26.  1 

A 
A 
A 
A 

A 

Per  cent 
95 
95 
90 
80 

60 

60 

Excellent. 

Do. 
E.xcellent;  slightly  sandy. 
Very   good    to   e.vcelleiit; 

sandy;  potholes. 
Good    to   excellent;   heav; 

gat  ion. 
Very  good  to  excellent. 

1923 

1924 

1925 

1926 -- 

1927 -. 

slightly 
•   eorru- 

Average .-. 

80 

SAMPLE  POINT  NO.  2,  1.8  MI  -ES— 20-FOOT  CUT  ON  RIGHT,  9-FOOT  CUT  ON  LEFT 


1922 

4 
4 
4.5 

6 

3 

25 
28 
39 

12 

40 

15.1 
12.0 
13.2 

11.2 

10.3 

27.2 
30.6 
27.7 

40.0 

28.3 

42.3 
42.6 
40.  9 

51.  1 

38.6 

26.  9 
2:i.  7 
26.  5 

33.  9 

24.9 

69.  2 

66.  3 

67.  4 

8.'i.0 
63.  5 

12.  3 
i:i.  9 
12.  1 

7.(1 

14.3 

IX.  5 
19.8 
20.  5 

8.8 

22.  2 

R 

n 

B 
A 
I) 

95 
95 
80 

80 

60 

70 

Excellent 

1923 

Do 

1924 

Very  good  to  excellent;  slight  pot- 
holes. 

Very  good  to  excellent;  slightly 
sandy;  potholes. 

Good   to   excellent:   heavx'   corru- 

1925  

1926 

1927 

gation. 
New  material 

Average 

1 

1 

78.3 

1 

1 

SAMPLE  POINT  NO.  3,  3.1  MILES— 20  FEET  BEFORE  BOX  CULVERT  AND  ON  A  -2i-.  PER  CENT  GRADE 


SAMPLE  POINT  NO.  4,  3.8  MILES— WOODS  ON  BOTH  SIDES,  2  PINES  ON  LEFT,  -2  PER  CENT  GRADE,  3-FOOT  CUT  ON  RIGHT, 

5-FOOT  CUT  ON  LEFT 


1922 

7 
6 

6.5 
6.5 

5.5 
6 

11 
18 
15 
11 

20 

11.4 
9.3 

10.3 
9.5 

11.0 

3.5.4 
38.8 
32.6 
39.2 

37.8 

46.8 
48.1 
42.9 
48.7 

48.8 

21.8 
20.1 
17.  1 
23.7 

22.8 

68.6 
68.2 
60.0 
92.5 

71.6 

11.0 
11.  1 
11.2 
9.9 

9.5 

20.4 
20.7 
28.8 
17.6 

18.9 

A 
A 
B 
A 

A 

90 
92 
93 

70 

45 
75 

Excellent. 

1923 

1924 

1925 

Do. 
Do. 
Very   good    to   excellent,   slightly 

1926 

sandy,  potholes. 
Good  to  excellent;  corrugated. 

1927 

New  material. 

1                                        1 

!               1 

t                    1 

77.5 

t               1 

1                    1 

SAMPLE  POINT  NO.  5,  4.9  MILES-OVER  CULVERT,  +2  PER  CENT  GRADE,  P.  C.  150  FEET  BACK  ON  RIGHT,  HOUSE  ON  LEFT 

250  FEET  AHEAD 


1922 

13 
11 
12.5 

12.5 

11.5 

4 

7 
10 
15 
10 

15 

11.8 
10.8 
12.2 
13.4 

11.4 

42.8 
46.1 
39.2 
42.3 

44.0 

54.6 
56.8 
51.4 
55.8 

55.4 

16.0 
18.2 
19.0 
19.9 

21.8 

70.6 
75.0 
79.4 
75.7 

77.2 

11.6 
9.5 

10.5 
9.7 

9.0 

17.8 
1.5.  5 
19.0 
14.6 

13.8 

A 
A 
A 

A 

A 

90 
92 
93 
60 

50 

75 

Excellent. 

1923 

Do. 

1924... 

Do. 

1925 

Good  to  very  good,  very  siindy 

1926 

potholes. 
Good,  potholes,  slightly  sandy. 

1927 

New  material. 

Average 

\                    I                    I                    \ 

1 

76.6 

1               'i 

SAMPLE  POINT  NO.  6,  6.2  MILES— TOP  OF  RISE,  WOODS  LEFT,  500  FEET  AHEAD;  1-FOOT  CUT  RIGHT,  2-FOOT  CUT  LEFT, 

2  PER  CENT  GRADE  ON  EACH  SIDE 


1922  - 

6 
8 
7.5 

6.5 
5.5 
6.5 

9 
10 

9 

12 
10 

9.4 
10.7 
9.5 

13.4 
9.1 

37.2 
40.  1 
41.4 

36.5 
40.5 

46.6 
50.8 
50.9 

49.9 
49.6 

26.7 
23.5 
24.5 

20.9 
22.8 

73.3 
74.3 

7,5.4 

70.8 
72.4 

11.7 
9.9 
9.  3 

11.0 
9.7 

15.0 
15.8 
1.5.3 

18.2 
17.9 

A 
A 
A 

A 
A 

90 
92 
85 

70 
50 
75 

Excellent. 

1923 

Do. 

1924..... 

Nearly  excellent;  slightly  bumpy 

1925.... 

and  sandy. 
Very  good;  sandy;  potholes. 

1926 

Fair,  large  i)ol  holes. 

1927 

New  material,  loose. 



1 

Average 

1 

1                    1 

1 

1 

77.0 

1  '  ' 

1 

'  Has  given  notably  good  service  under  light  traffic  for  7.5  years, 
spots. 


New  material  added  recently  has  not  been  well  chosen,  being  too  sandy  and  giving  a  loose  surface  in 
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Table   1. — Project  data  sheet  typical  of  north  Georgia  experiments  — Continued 

SAMPLE  POINT  NO.  7,  7.4  MILES— 20  FEET  BEFORE  CULVERT,  CARITHERS  STORE  1,500  FEET  AHEAD;  PLUS  AND  MINUS  2I2  PER  CENT  GRADE 


Depth 
of  slab 

Coarse 
mate- 
rial 

Sand 

Silt 

Clay 

Grade  of 
soil 

Service 
quality 

Year 

Passing 

No.  10 

retained 

on  No.  20 

Passing 

No.  20 

retained 

on  No.  60 

Total 
retained 
on  No. 60 

Passing 

No.  60 

retained 

on  No.  200 

Total 

Surface  condition 

1922                             

Inches 
6 
4 

4.5 

13 

8 

Per  cent 
6 
6 
6 

10 
15 

Per  cent 
9.7 
8.7 
10.4 

11.1 
5.3 

Per  cent 
39.5 
10.2 
35.9 

37.6 
31.4 

Per  cent 
49.2 
48.9 
46.3 

48.7 
36.7 

Per  cent 
21.5 
22.1 
19.7 

23.1 
26.5 

Per  cent 
70.7 
71.0 
66.0 

71.8 
63.2 

Per  cent 
12.0 
10.9 
11.4 

10.4 
14.2 

Per  cent 
17.3 
18.1 
22.6 

17.8 
22.6 

A 
A 
A 

A 
B 

Per  cent 
93 
92 
80 

65 
50 
70 

Excellent. 

1923 

1924 

Very   good    to   excellent;    slightly 
sandy,  potholes. 
Do 

1925 

1926                               

Fair;  large  potholes. 

1927    

Average  .- 

J 

75.0 

1 

1 

1 

SAMPLE  POINT  NO.  8,  8.4  MILES— 4-FOOT  CUT  ON  RIGHT,  2-FOOT  CUT  ON  LEFT,  JUST  BEYOND  CURVE  LEFT  AND  HILL;  HOUSE  ON  LEFT 

160  FEET  BACK 


1922— 

10 
10 

7 
2 

8 

8 
8 
12 
11 

15 

11.7 
9.8 
14.5 
13.5 

14.6 

37.6 
38.9 
37.8 
37.0 

39.6 

49.3 

52.4 
52.3 
50.5 

54.2 

26.4 
25.0 
25.7 
23.1 

26.8 

75.7 
73.7 
78.0 
73.6 

81.0 

11.2 
10.5 
10.2 
11.6 

8.3 

12.1 

15.8 

n.8 

14.8 
10.7 

A 
A 
A 
A 

A 

92 
90 
93 
60 

60 

75 

Excellent. 

1923....              

Excellent;  slightly  sandy. 

1924 

Excellent. 

1925  - 

Very   good   to   excellent;    slightly 

1926  . 

sandy,  potholes. 
Fair;  rutted;  potholes. 

1927.... 

-  ..  .|  .        ..   . 

Average 

1 

78.3 

I 

SAMPLE  POINT  NO.  9, 9.7   MILES— AROUND  CURVE  LEFT,  7-FOOT  CUT  ON  RIGHT,  3-FOOT  CUT  ON  LEFT;  CURVE  TO  RIVER  1,500  FEET  AHE.iD, 

WOODS  LEFT 


1922 

4 
12 
12 

5.5 

12 

8 
25 
22 
22 

17 

13.2 
10.5 
16.1 
15.4 

15.9 

34.2 
35.0 
33.9 
36.0 

38.4 

47.4 
51.5 
50.0 
51.4 

54.3 

19.3 
19.1 
20.1 
22.7 

20.9 

66.7 
70.6 
70.1 
74.1 

75.2 

13.1 
12.1 
10.7 
9.0 

10.9 

20.2 
17.3 
19.2 
16.9 

13.9 

A 
A 
A 
A 

A 

92 
90 
90 
80 

60 
70 

Excellent. 
Do. 
Do. 

Very    good    to   excellent; 

sandy;  potholes. 
Good  to  excellent. 
New  material. 

1923.. 

1924... 

1925.... 

slightly 

1926.- 

1927.- 

Average .. 

80.3 

Project  average.. 

1 

78.1 

i 

on  or  has  been  lost  under  weather  and  traffic,  scarify- 
ing the  surface  may  easily  incorporate  some  of  the  sub- 
grade  earth  in  the  surface. 

4.  Other  sources  of  change  exist,  such  as  the  tracking 
in  of  clay  from  private  farm  roads  and  the  removal  of 
sand  or  clay  from  the  surface  by  washing  rains  or 
heavy  winds. 

The  successive  analyses  of  samples  taken  from  the 
same  points  in  the  road  reveal  the  total  effects  of  all 
causes  affecting  surface  composition.  It  is  of  interest 
to  study  the  detailed  analyses  from  this  viewpoint  and 
to  find  that  so  many  of  them  have  maintained  an 
adequate  composition  during  the  5-year  period.  The 
tables  record  the  class  of  soil  mortar  year  by  year. 

No  previous  record  has  been  made  on  this  phase  of 
road  soil  behavior  and  the  results  are  surprising  in  the 
constancy  of  composition  maintained  in  spite  of  the 
many  adverse  agencies  at  work. 

The  exceptional  and  sudden  changes  found  are 
relatively  few  and  in  most  cases  are  explainable  by 
known  causes,  chiefly  the  addition  of  new  material, 
the  scarifying  of  thin  surfaces,  or  careless  scraping  of 
shoulder  and  side  ditch  material  on  to  the  surface. 
Two  or  three  individual  analyses  showed  sudden 
changes  from  previous  analyses  which  were  not  ex- 
plainable by  field  operations.  Probably  they  represent 
errors  in  marking  the  sampk^  or  recording  the  analysis. 


SURFACE  DEPTHS  AND  LOSS  OF  MATERIAL  STUDIED 

Tables  1  to  3  record  the  successive  annual  surface 
thicknesses  taken  at  the  sample  points.  Such  records 
were  designed  to  throw  light  on  the  loss  or  gain  of 
material  under  traffic,  weather,  and  maintenance 
operations.  It  is  to  be  expected  that  these  variable 
influences  would  very  seriously  afi'ect  the  measurements 
and  possibly  invalidate  any  real  significance  in  the 
results. 

An  important  advantage  with  road  soil  surfaces  is 
that,  granting  a  reasonable  stability  and  durability, 
the  minor  displacements  and  roughnesses  of  the  surface 
can  be  quickly  and  cheaply  repaired  by  macliines. 
But  these  maintenance  operations  are  constantly 
loosening  and  reshaping  a  portion  of  the  surface  and 
increasing  or  decreasing  the  depth  by  transfer  of 
material  from  high  to  low  points  in  the  immediate 
area.  The  effect  on  depth  of  surfacing  at  a  particular 
point  can  not  be  predicted.  The  skill  and  care  of  the 
operator  and  the  kind  of  drag  or  machine  are  always 
uncertain  factors  in  the  result. 

Weather  condition  at  the  time  of  machining  the 
surface  is  an  important  variable.  Preferably  such 
work  should  be  done  immediately  after  rains,  so  that 
the  loosened  material  can  promptly  rebind  with  the 
undisturbed  material  below.     If  heavy  washino;  rains 
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Table  2. — Project  data  sheet  typical  of  middle  Georgia  experiments  ' 

[Federal-aid  project  No.  124  in  Washington  County,  topsoil  surface;  5.93  miles  long;  coinplelod  January,  1921;  sand-clay  .subsoil  and  shoulders) 

SAMPLE  POINT  NO.  1,  1.2  MILES^M-FOOT  CUT,  KOAD  LEFT,  175  FEET  HACK;  CUKVE  KICIIT,  150  FEET  AHKAU;  HOUSE  KIQHT,  250  FEET 

AHEAD 


Depth 
of  slab 

Coarse 
mate- 
rial 

Sand 

Silt 

Clay 

(irade  of 
soil 

Service 
quality 

Year 

Passing 

No.  10 

retained 

on  No.  20 

Passing 

No.  20 

retained 

on  No.  60 

Total 
retained 
on  No.  60 

Passing 

No.  60 
retained 
on  No.  200 

Total 

Surface  condition 

1922 

Inches 

I 

9 

7.5 

7.5 

Per  cent 
2 
3 
4 

3 

Per  cent 
2.3 
2.1 
3.7 

2.  fi 

Per  cent 
31.3 
38.6 
30.3 

27.3 
31.6 

27.9 

Per  cent 
33.6 
40.7 
34.0 

29.9 
34.7 

30.5 

Per  cent 
40.1 
26.2 
41.5 

43.7 
40.6 

46  1 

Per  cent  •  Per  cent 
73.7  1           11.8 
66.9              13.6 
75  5             "0 

Per  cent 
14.  5 
19.  5 
13.  5 

13.0 
10.2 

11.7 

n 

B 

n 
It 

B 
B 

Per  cent 
70 
72 

78 

78 
78 

00 

Very  good,  rough. 
Very  good;  .sandy. 
Very   good   to   excellent;   slightly 
sandy  and  worn. 

1923 

1924 

1925- 

73.6 
75  3 

13.4 

Id    c. 

1926 

2              3.1 
0              2.6 

Excellent;     slightly     sandy     and 
rutty. 

1927. 

7R  fi                 117 

Average- 

! 

72.7 

t 

SAMPLE  POINT  NO.  2,  1.9  MILES— 2-FOOT  CUT,  LEFT;  GRADE  RIGHT,  HOUSE  100  FEET  AHEAD,  GRAPE  ARBOR  30  FEET  BACK  ON  RIGHT 


1922....                    

5 

6 

6 

4.5 

4.5 

2 
2 
6 
2 
0 

1.4 
1.0 
1.7 
1.6 
1.4 

33.6 
28.5 
33.6 
35.1 
30.4 

35.0 
29.5 
35.3 
36.7 
31.8 

30.2 
29.2  1 
36.8  1 
34.  2 
30.3 

65.2 
58.7 
72.1 
70.9 
62.1 

7.0 
8.7 
5.9 
6.4 
9.5 

27.8 
32.6 
22.0 
22.7 
28.4 

B 
B 
B 
B 
B 

75 
60 
75 
75 
70 

Excellent 

1923 

Very  good  to  excellent. 
Excellent 

1924. 

1925 

1926 

Very  good  to  excellent. 

Excellent;  slightly  sandy  on  sides. 

Average 

75 

Excellent. 



SAMPLE  POINT  NO.  3,  3  MILES— 6-FOOT  CUT  ON  RIGHT,  2-FOOT  CUT  ON  LEFT;  ROAD  ON  LEFT  20  FEET  BACK;  CROSSROADS  ON  TOP  OF 

HILL  200  FEET  AHEAD 


1922 ._ _ 

6 

4 

2.2 

44.0 

46.2 

26.2 

72.4 

6.5 

2L1 

A 

90 

Excellent. 

1923 

6 

4 

2.0 

49.4 

51.4 

21.4  ' 

72.8 

6.9 

20.3 

A 

90 

Do. 

1924 

5.5 

5 

3.5 

42.2 

45.7 

25.2  i 

70.9 

6.2 

22.9 

A 

85 

Do. 

1925 

5.5 

5 

2.8 

44.9 

47.7 

25.2 

72.9 

6.2 

20.9 

A 

85 

Do. 

1926 

4 

0 

2.4 

44.5 

46.9  i 

26.6  1 

73.5 

7.5 

19.0 

A 

85 

Do. 

1927 

3 

2 

2.8 

37.7 

40.5  j 

34.0 

74.5 

6.0 

19.5 

B 

81 

Do. 

Average 

86 

t                    1 

1 

SAMPLE  POINT  NO.  4,  4.4  MILES— 20  FEET  BEFORE  SECOND  CONCRETE  BRIDGE,  7-FOOT  FILL;  ROADHOUSE  ON  LEFT,  700  FEET  AHEAD 


1922 

6 
5 

5 

5.5 

4 

3 

2 

7 
8 
2 

3.2 
3.8 

5.8 
3.7 
3.5 

35.0 
36.9 

33.3 
34.4 
35.7 

38.2 
40.7 

38.1 
38.1 
39.2 

35.8 
32.5 

34.2 
32.3 
33.5 

74.0 
73.2 

72.3 
70.4 
72.7 

13.8 
9.1 

10.8 
11.0 
13.0 

12.2 
17.7 

10.9 
18.fi 
14.3 

B 
B 

B 
B 
B 

85 
75 

70 
70 
65 

60 

Excellent. 

1923.. 

Very   good    to   excellent,   slightly 

1924 

sandy. 
Excellent. 

1925 

Very  good  to  excellent,  sandy. 

1926. 

Very  good  to  excellent,  sandy  and 

1927 

corrugated. 
Excellent. 

Average 

70.7 

1 

SAMPLE   POINT  NO.  5,  5.7  MILES— BARN   ON   LEFT,   HOUSE   ON  LEFT,   150  FEET  BACK;  CONCRETE  BRIDGE   100  FEET  AHEAD 


1922 

10 

16 

14.4 

42.6 

57.0 

20.8 

77.8 

6.0 

16.  2 

A 

92 

Excellent. 

1923 

9 

16 

11.4 

45.2 

56.6 

19.1 

75.7 

8.3  i 

16.0 

A 

85 

Very   good    to   excellent, 
sandy. 

slightly 

1924 

9 

12 

22.9 

37.4 

60.3 

17.5 

77.8 

5.7 

16.5 

A 

85 

Excellent. 

1925 

9 

12 

13.6 

42.9 

56.5 

21.5 

78.0 

5.4 

16.6 

A 

83 

Do. 

1926 

7.5 

15 

17.4 

39.3 

56.7 

21.0 

77.7 

7.7 

14.6 

A 

83 

Excellent,  slightly  sandy. 

1927 

7 

11 

10.5 

37.6 

48.1 

32.4 

80.5  ! 

6.2 

13.  3 

A 

80 

Excellent. 

Average 

1 |.. 

84.7 

i 

77.8 

\                  \ 

1  This  project  has  given  very  good  service  for  6.4  years  to  an  average  daily  traffic  of  328  vehicles  and  has  weakened  little.     The  surface  composition  has  been  quite  constant, 
with  a  gradual  loss  of  clay. 


occur  immediately  after  fresh  work,  a  larger  amount 
of  the  loose  material  is  permanently  lost.  This  is 
particularly  true  on  steep  grades. 

When  class  C  surfaces  are  dressed  in  dry  weather,  the 
loose  material  does  not  rebind  until  it  rains.  Heavy 
winds  will  remove  an  appreciable  amount  of  material 
under  such  condition. 

The  more  serious  operation  of  scarifying  a  rough  sur- 
face and  adding  new  material  in  weak  places  affects 
surface  depth  to  a  marked  degree. 

As  a  measure  of  lost  material,  it  would  have  been 
much  better  to  have  had  the  test  points  closer  together. 


On  project  No.  17!)  in  Greene  County — tabulation  not 
shown — the  test  points  were  located  about  one-fourth 
mile  apart,  and  the  record  on  that  project  is  the  most 
consistent  of  those  studied.  In  spite  of  all  these  uncer- 
tainties, it  was  found  that  many  of  (he  projects  showed 
a  continuous  loss  of  depth  and  that  (he  record  as  a  whole 
is  of  value  as  bearing  upon  the  eflicient  life  period  and 
the  residual  value  of  the  surfaces  at  (he  time  of  last 
inspection.  It  has  further  significaiu'o  in  (he  case  of  thin 
surfaces  and  the  observed  action  of  faiiun^  and  breaking 
down  of  the  surface.  Such  observed  conditions  are 
commented  upon  in  discussing  the  respective  projects. 
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Table  3. — Project  data  sheet  typical  of  south  Georgia  experiments ' 

[^ederal-aid  project  No.  5,  in  Bacon  County;  sand-clay  surface;  17.6  miles;  completed  September,  1921;  sandy  loam  subsoil  and  shoulders] 
SAMPLE  POINT  NO.  1,  1.3  MILES--40  FEET  BEFORE  CULVERT,  WOODS  BOTH  SIDES,  4-FOOT  FILLS 


Depth 
of  slab 

Coarse 
mate- 
rial 

Sand 

Silt 

Clay 

Grade  of 
soil 

Service 
quality 

Year 

Passing 

No.  10 

retained 

on  No.  20 

Passing 

No.  20 

retained 

on  No.  60 

Total 
retained 
on  No.  60 

Passing 

No.  60 

retained 

on  No.  200 

Total 

Surface  condition 

1922 

Inches 

4 

2.5 

1.5 
2 

Per  cent 
3 
6 
2 

5 

5 
8 

Per  cent 
2.5 
3,1 
6.8 

4.0 

7.5 
4.6 

Per  cent 
44.4 
46.1 
55.3 

52.0 

44.8 
46.3 

Per  cent 
46.9 
49.2 
62.1 

56.0 

52.3 
50.9 

Per  cent 
28.2 
24.3 
12.7 

30.4 

23.8 
3.5.  1 

Per  cent 
25.1 
73.5 
74.8 

86.4 

75.8 
86.0 

Per  cent 
5.8 
5.2 
2.5 

4.1 

7.4 
5.0 

Per  cent 
19.1 
21.3 
22.6 

9.5 

15.5 
9.0 

A 
A 
A 

A 

A 
B 

Per  cent 
85 
85 
70 

75 

65 
50 

1923 

Do. 

1924 

Very  good  to    excellent,    soft  and 

1925 

rutted. 
Very  good    to  excellent     soft  and 

1926 

potty. 
Very  good,  potty  and  worn. 
Worn,  loose,  sand,  corrugated. 

1927 

Average  . .   . 

1 

71.7 

1 

1 

SAMPLE  POINT  NO.  2,  2.1  MILES— 40  FEET  BEYOND  CULVERT;  ALL  WOODS,  3-FOOT  FILL;  WOOD  BRANCH  1,000  FEET  BACK 


1922. 
1923. 
1924. 

1925. 
1925. 
1927. 


Average. 


4 
6 
3.5 

4 
5 
5 


7.  1 
4.2 
28.7 

10.9 
9.9 


56.9 
57.5 
46.6 

52.2 
52.6 


64.0 
61.7 
75.3 

63.  1 
62.5 


14.3 
15.3 

8.8 

22.1 
25.0 


78.3 
77.0 
84.  1 

85.2 


2.8 
3.7 
1.8 

3.8 
4.8 


18.9 
19.3 
14.1 

11.0 

7.4 


85 
90 
75 

70 
65 
50 


Excellent. 

Do. 
Very  good   to  excellent;  soft  and 
worn. 

Do. 
Very  hard  under  loose  sand. 


SAMPLE  POINT  NO.  3,  2.3  MILES— CULVERT  500  FEET  AHEAD;  OPEN  WOODS,  SMALL  BORROW  PIT  ON  RIGHT 


1922 

1923 

5 

4.5 

5 

1.5 

2 

30 
15 
12 
10 

22.9 
7.6 

13.6 
6.6 
8.1 

43.1 
44.8 
49.8 
56.  3 
46.7 

73.0 
52.4 
63.4 
52.9 
54.8 

6.7 
20.4 
20.3 
24.7 
34.1 

79.7 
72.8 
83.7 
87.6 
8S.8 

3.1 

7.6 
7.2 
5.8 
8.3 

17.2 
19.6 
9.1 
6.6 
2.8 

A 
A 
A 
A 

A 

90 
85 
80 
70 
60 
40 

Excellent. 
Do. 

1924 

1925 

Do. 
Very  good;  sandy  and  potty. 
Sandy:  new  material. 

1926 

1927 

Average 

1 

70.8 

t 

SAMPLE  POINT  NO.  4,  4.4  MILES— CULVERT  50  FEET  BACK;  HOUSE  ON  LEFT,  175  FEET  AHEAD  AND  1,000  FEET  BACK;  2-FOOT  FILL 


1922 

5 

1923 

5 

1924 

4.  5 

1925...     

4 

1926 

2 

1927 

2.5 

Average. 


8.8 
8.0 
7.5 
9.4 
9.5 


53.3 
53.8 
44.7 
57.0 
48.7 


62.  1 
61.8 
52.2 
66.4 
56.2 


12.2 
11.2 
19.9 
10.7 
28.3 


74.3 
73.0 
72.  1 

77.  1 
84.5 


4.8 
4.3 
5.4 
4.1 

5.7 


20.9 
22.7 
22.  5 

18.8 
9.8 


90 
85 
65 
70 
60 
30 


Excellent. 

Do. 
Very  good;  rutted  and  worn. 
Very  good;  sandy  and  potty. 
Sandy  and  loose. 
2  inches  of  sand. 


SAMPLE  POINT  NO.  5,  5.3  MILES— f-lH  PER  CENT  GRADE,  HOUSE  ON  RIGHT  60  FEET  AHEAD;  CLAY  PIT  OPPOSITE  ON  RIGHT 


1922. 
1923. 
1924. 
1925. 
1926. 

1927. 


Average. 


12.1 
12.0 

n.o 

9.4 
11.8 


60.5 
61.4 
59.5 
62.7 
60.4 

41.8 


2,  1 


49.2 


5.3 
4.4 
8.4 
12.8 
11.0 

20.2 


77.9 
77.8 
80.9 
84.9 
83.2 


2.9 
1.6 
2.0 
2.3 
2.2 


19.2 
20.6 
17.1 
12.8 
14.6 

25.0 


90 
90 
85 
80 
65 


Excellent. 

Do. 

Do. 

Do. 
New  material,  very  good;  slightly 

ribbed. 
New;  very  hard;  excellent. 


SAMPLE  POINT  NO.  6,  6  MILES,  8-FOOT  FILL  MIDWAY  BETWEEN  BRANCHES,  400  FEET  APART 


1922 

1923 

3 
2 

5 
5 

3 
1.25 

1 
10 
10 
14 

8 

7 

10.0 
10.1 
13.1 
9.9 

11.1 

51.2 
51.2 
47.6 
59.0 

56.4 

61.2 
61.3 
60.7 
68.9 

57.5 

17.4 
18.0 
20.1 
14.9 

16.7 

78.6 
79.3 
80.8 
83.6 

84.2 

6.3 
5.0 
6.6 
2.8 

3.8 

15.1 
15.7 
12.6 
13.6 

12.0 

A 
A 

A 
A 

A 

85 
85 
75 
65 

60 
60 

E.xcellent. 
Do. 

1924 

1925 

1926 

1927 

Do. 
Very     good    to    excellent;    iiotty 

slightly  sandy. 
Very  good;  part  slightly  ribbed. 

Average 

71.7 

SAMPLE  POINT  NO. 


'.5  MILES,  40  FEET  BEYOND  CULVERT,  BORROW  PIT  ON  RIGHT  25  FEET  AHEAD,  2!i-FOOT  FILL,  CURVE  LEFT  1,000 

FEET  AHEAD 


1922 

4 

4 

3.5 

5.5 

3.25 

4 

6 

8 

i\ 

1 

16.9 
18.5 
26.0 
13.0 
12.3 

57.0 
54.9 
49.4 
48.6 
53.8 

73.9 
7.3.4 
75.4 
61.6 
66.1 

5.2 
5.9 
3.9 
10.4 
14.6 

79.1 
79.3 
79.3 
72.0 
80.7 

2.0 
1.7 

4^3 
3.0 

18.9 
19.0 
20.0 
24.7 
16.3 

i 
A 
A 
A 

90 
90 
90 
70 
80 
70 

Excellent. 

1923 

Do. 

1924 

Do. 

1925...     . 

Do. 

1926 

Excellent;  slightly  ribbed. 

1927 

Excellent. 



Average. 

1 

8L7 

1 

See  footnote  at  end  of  table. 
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Table  3. — I'rujccl  data  xhccl  hjinml  of  xotitli  (honjin  i.r  peri  me  tits — Coiitiniicd 

SAMPLE   POINT  \0.  8,  8.7  MILES,  FEXCE   ON    RKillT   ENDS   175  FEET   RACK,  CrinK   UKJIIT  400  FEKT  ; 


AHEAD.  2-FOOT  FILI, 


Ye.ir 


1922- 
1923. 
1924. 
192,^. 


1926. 
1927. 


-Average. 


Depth 
of  slab 


Inches 
6 
6 

3.5 
5 

4.5 

2 


Coarse 

mate- 
rial 


Per  cent 

10 

4 


Sand 


Passing 

No.  10 
retained 
on  No.  20 


Per  cent 
9.0 
13.5 
18.1 
13.2 

15.0 


Passing 

No.  20 

retained 

on  No.  00 


Per  cent 
53  fi 
52.8 
50.0 
.58.  6 

,53.4 


Total        ^"s-*'' K 
retained      ^o.  6,1 

on  No.  00    '■^',:!'"^'  „ 
On  No.  200 


Per  cent 
02.  fi 
Ofi.  3 
08.  1 
71.8 

68.4 


Per  cent 
21.7 
10.  3 
7.0 
11.7 

14.  5 


Total 


Per  cent 
84.3 
70.  6 
7.5.  1 
83.  5 

82.9 


Silt 


Per  cent 
4.8 
2.4 
1.9 
2.9 

4.0 


J\r  rent 
II  4 
21.0 
23.  0 
13.  0 

13.  1 


( i  rade  of 
.soil 


Service 
(luality 


Per  cent 
82 
80 
75 
70 

65 

30 


Surface  condition 


67.0 


Excellent. 
Do. 
Do. 
Very   good    to   excellent;    slightly 

potty. 
Very   good    to   excellent;    slightly 
sandy. 


SAMPLE  POINT  NO.  9.  9.9  MILES,  21  FEET  BEYOND  nOU,5E  ON  RIGHT.  COUNTY'   LINE  7m  FEET  AHEAD  AROUND  CURVE  TO  LEFT 


1922          

5 
4 
5 
2 

1 

13 
8 
12 
14 
14 

9.5 
fi.  1 
10.5 
9.0 
7.9 

51.3 
39.0 
3S.9 
4S.  9 
49.5 

60.8 
4.5.  1 
49.4 
57.9 
57.4 

18  4 

7<1    9 

7.  1 
8.2 
fi.  7 
5.  9 
6.8 

1.3.7 
30.2 
29.  5 
12.8 
10.2 

A 
A 
A 

A 
A 

90 
80 
82 
70 
60 
40 

E.xcellent. 

Do. 

Do. 
V'ery  good;  soft  and  i)otty. 
Very  good;  potty  and  saridy. 

1923 

16  5              fil   « 

1924      

14.4 
23.  4 
25.  6 

03.8 
81.3 
83.0 

1925 

1926                 

1927 

.\verage 

1 

70.3 

Project  average.. 

! 1 L. 

' 

72.1 

1                   (           1 

'  This  project  has  given  excellent  service  for  4  years  to  a  heavy  tourist  traffic,  but  has  weakened  considerably  in  the  past  18  months.  The  loss  of  material  has  been 
rather  heavy  and  maintenance  work  has  made  the  surface  too  sandy  in  recent  years.  It  should  be  rebuilt.  The  daylight  count  is  believed  to  be  entirely  too  low  for  a  true 
24-hour  duty.     Probably  1.000  vehicles  per  day  is  the  present  average. 


PHYSICAL  CONDITION  OF  THE  SURFACE  AND  QUALITY  OF  TRAFFIC 
SERVICE  EVALUATED  AS  CLOSELY  AS  POSSIBLE 

In  seeking  to  record  the  physical  condition  of  the 
surface  adjacent  to  the  several  sample  points,  at  the 
time  of  the  semiannual  inspections  the  terms  listed 
below  were  used  in  the  sense  indicated. 

Excellent. — This  term  imi^lies  that,  when  dry,  the  roadbed  i.s 
strong,  hard,  free  from  noticeable  ruts,  holes,  or  corrugations, 
possesses  a  well-shaped  crown  and  freely  draining  into  the  side 
ditches.  A  thin  layer  of  loose,  sandy  material  is  sometimes 
present,  but  not  in  sufficient  amount  to  imjiede  traffic  speed. 
During  heavy  rains  or  after  long  wet  spells  the  surface  is  not 
noticeably  softened,  remains  j^ractically  nonslippery,  and  is  free 
from  appreciable  mud.  Driving  speed  may  be  slightly  but  not 
seriously  reduced. 

Very  good. — This  term  describes  a  hard  and  reasonably  smootli 
surface  which  at  weaker  points  shows  incipient  holes,  corruga- 
tions, or  worn  wheel  tracks,  but  which  do  not  seriously  affect 
speed  or  cause  jolting.  In  wet  weather  there  may  be  a  slight 
amount  of  sloppiness  while  rain  is  falling,  and  following  the  rain 
a  light  skim  coat  of  mud,  not  seriously  slippery,  ijut  requiring 
some  care  in  driving. 

Good. — This  term  is  used  to  describe  a  surface  which  is  hard 
and  firm  when  dry,  with  noticeable  surface  displacements  affect- 
ing high-speed  driving,  Ijut  with  no  serious  jolting  at  moderate 
speeds.  The  condition  indicates  the  need  of  more  frecpient 
machining.  In  some  cases  the  crown  has  become  considerably 
warped,  with  an  evident  need  of  scarifying  and  resha])ing.  In 
wet  weather  a  ijronounced  degree  of  sloppiness  is  manifest,  witii 
some  softening  and  mud  formation  at  the  weakest  points  and 
some  increase  in  slipperiness  if  the  original  material  was  high 
in  clay  content  or  has  had  clay  brought  in  by  wheels  from  unim- 
proved side  roads  or  from  clay  shoulders.  No  condition  of  deep 
mud  has  yet  developed  and  there  is  no  serious  interruption  of 
traffic  during  the  worst  weather. 

Fair. — This  term  implies  a  distinct  presence  of  rough  sections 
or  pronounced  layers  of  loose  material  during  dry  weather  and  a 
liability  to  softening,  slipperiness.  and  mud  holes  during  con- 
tinuous wet  weather,  especially  when  clay  shoulders  and  clay 
subsoils  exist.  Such  a  condition  usually  indicates  an  immediate 
need  of  scarifying  and  reshaping  with  tlie  addition  of  neiv 
material. 


So  many  factors  enter  the  problem  that  it  is  didicult 
to  fully  define  the  foregoing  terms  and,  since  the  inspec- 
tions were  six  months  apart,  for  the  inspector  to  make 
a  perfectly  uniform  and  consistent  record.  However, 
the  attempt  secures  a  more  ordered  judgment  on  a  very 
complex  matter  than  could  be  had  if  no  clfort  to  define 
the  words  had  l)een  made  in  advance. 

In  addition  to  the  verbal  entries,  a  ph()togra|)h  was 
made  to  show  the  appearance  of  the  road  at  each  in- 
spection. The  pictures  were  taken  at  the  same  places 
in  successive  years. 

It  is  clearly  apparent  that  surface  condition  for  this 
class  of  road  reflects  very  directly  the  diligence  and 
skill  of  the  patrol  maintenance  force  and  the  adequacy 
of  the  machine  and  tractor  e(|uipment  used.  In  the 
earlier  years  of  the  research  the  State's  patrol  force 
was  newly  organized,  untiain(Ml,  and  lacked  proper 
equipment.  The  inspections  have  shown  a  steady 
general  iniprovement  in  maintenance  activities  not 
only  on  these  projects  but  over  th(>  whole  State 
system. 

(JCALITY  OF  TRAFFIC  SERVICE  RENDERED 

Since  th(>  inspection  records  made  at  (l-nionlh  inter- 
vals were  so  directly  induenced  by  the  length  of  time 
since  the  surbice  had  been  machined,  it  was  felt  that 
an  effort  should  b(>  made  to  evaluate  in  some  way  the 
general  (luality  of  trallic  service  furnished  by  the  road 
throughout  the  year  as  distinguished  from  the  physical 
surface  conditions  recoi'ded  dui'ing  inspections.  The 
plan  adopted  has  been  to  interpret  the  inspection  rec- 
ord in  the  light  of  comment  on  service  from  residents  on 
the  road,  maintenance  men,  and  division  engineers  as  far 
as  thev  could  easily  be  obtained  and  were  deemed  suffi- 
ciently  specific.     For  the  projects   under  study  these 
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192.3 


ijSiH 


JlSff '  "   "^ 


•oils 


^' 


1924 


i9a4 


1925 
Project  No.  60,  in  Stephens  County.  S.\mple  Point  No.  1 

reports  were  encouraging.  They  showed  that  the  serv- 
ice, while  variat)le,  was  highly  acceptable  and  satisfactory 
and  at  all  times  free  from  serious  interruption.  The 
State  highway  department  has  been  diligent  in  making 
investigation  where  newspapers  report  impassability 
on  the  State  routes.  None  of  them  were  valid  on  the 
projects  studied. 

For  this  report  it  has  been  assumed  that  quality  of 
traffic  service  might  be  ex])ressed  at  a  percentage,  as- 
suming the  maximum  satisfactory  use  which  the  best 
of  these  roads  have  given  under  the  best  conditions  as 
100  per  cent.  A  quality  of  service  ranging  from  80  to 
100  per  cent  was  taken  as  corresponding  to  excellent. 
Lower  grades  of  service  corresponding  to  surface  con- 
ditions of  "very  good,"  "good,"  and  "fair"  were  as- 
sumed for  ranges  of  60  to  80  per  cent,  40  to  60  per 
cent,  and  below  40  per  cent,  respectively.  Such  service 
quality  percentages  were  leported  for  each  road  sec- 
tion adjacent  to  the  sample  points  as  illustrated  in 
Tables  1  to  3.     Thus  expressed,  it  has  been  possible  to 


I9HS 
Project  No.  41,  in  Douglas  County.     Sample  Point  No.  2 

average  these  figures  and  arrive  at  a  fairly  reasonable 
judgment  concerning  the  service  rendered. 

Under  this  standard  of  judgment,  as  herein  used,  a 
quality  of  service  of  50  per  cent  indicates  a  fairly  ac- 
ceptable service  with  progressive  satisfaction  attach- 
ing to  higher  figures.  Eighty  per  cent  or  above  repre- 
sents a  highly  dependal)le  and  thoroughly  satisfactory 
service  in  all  weathers  and  for  truck  traffic  up  to  5-ton 
vehicles.  The  records  include  some  truck  traffic  as 
high  as  20  per  cent  of  the  total. 

The  writer  recognizes  that  we  have  here  only  an  ap- 
proximate measure  of  judgment  not  to  be  used  dog- 
matically nor  as  a  mathematical  certainty,  but  at  least 
significant  and  clarifying  in  the  premises. 

TRAFFIC  COUNTS  LIMITED  IN  EXTENT 

Traffic  counts  on  these  projects  were  begun  in  1922, 
making  a  daylight  count  of  all  vehicles  on  eight  days 
of  each  month.  It  was  not  practicable  to  weigh  ve- 
hicles or  to  extend  the  count  through  night  periods. 
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1923 


192, 


I9E4 


1924 


1925 

Project  No.  189,  in  Hart  County.     Sample  Point  No.  2 

At  first  no  distinction  was  made  between  passenger 
cars,  trucks,  and  horse  drawn  vehicles,  but  this  distinc- 
tion has  been  made  in  the  past  three  years. 

It  was  found  after  two  years'  trial  that  cost  could  be 
reduced  by  replacing  the  original  8-day  count  in  each 
month  for  the  whole  year  by  an  8-day  count  in  each 
season  during  the  months  of  February,  May,  August, 
and  November.  By  taking  averages  for  the  3-month 
groups  from  the  figures  collected  during  the  first  two 
years  and  comparing  these  averages  with  the  respective 
counts  in  February,  May,  August,  and  November,  the 
figures  were  practically  identical  and  hence  the  shorter 
and  less  expensive  counts  have  since  been  taken. 

It  is  difficult  to  take  a  traffic  count  which  is  entirely 
satisfactory  with  a  somewhat  restricted  expenditure. 
To  determine  the  exact  effect  of  traffic  on  the  road 
would  require  information  as  to  both  the  number  and 
weight  of  all  vehicles  for  the  full  24  hours.  This  research 
was  restricted  to  the  partial  plan  as  outlined. 


^^^i 

* 

:^- 
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K^~ 
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1925 

"*" 

Project  No.  151,  in  Floyd  County.     Sample  Point  No.  3 

It  does  not  seem  practicable  to  evaluate  the  existing 
traffic  except  in  terms  of  the  entire  number  of  vehicles. 
That  figure  is  reported  in  Tables  4  and  5. 

The  counts  were  taken  on  a  daylight  basis,  and  were 
less  than  a  24-hour  count  would  sliow.  Just  what  al- 
lowance for  early  evening  and  nig.ht  traffic  s,hould  be 
made  is  problematical.  Hence  the  figures  given  are  in 
fact  less  than  the  actual  performance  in  all  cases.  It  is 
quite  certain  that  many  of  these  projects  are  carrying 
traffic  which  is  20  to  40  per  cent  higher  tlum  the  counts 
shown.  This  is  especially  true  on  projects  lying  on 
Florida  tourist  routes,  of  which  No.  5  in  Bacon  County  is 
an  exaniple.  A  stream  of  tourist  traffic  flows  niglit  and 
day  over  such  routes  in  fall  and  spring. 

For  roads  of  this  type,  where  the  construction  and 
maintenance  costs  are  so  low,  it  is  better  that  the  show- 
ing should  be  made,  not  on  the  absolute  minimum  basis, 
but  with  an  assured  knowledge  that  the  service  nuidered 
is  liberally  in  excess  of  the  costs  shown. 
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Table  4. — Showing  quality  of  soil  mortar,  percentage  of  coarse 
material,  quality  of  traffic  service,  traffic,  life  period,  initial 
depth,  of  surface,  annual  loss  from  surface  and  number  of  sample 
points 


r 


.^t> 


.\ 


1924 


^:;t925 

Project  No.  22,  in  Milton  County.    Sample  Point  No.  1 

cost  data  and  investment  of  public  funds  studied 

Table  5  is  designed  to  present  the  financial  invest- 
ment which  the  public  has  made  in  these  roads  in 
relation  to  cpiantity  and  quality  of  traffic  service.  The 
basic  economic  figures  are  the  first  cost  of  the  surfacing, 
the  interest  on  the  investment  during  the  life  period 
studied  taken  at  5  per  cent  properly  amortized,  the 
annual  average  c.xjienditure  for  maintenance  during 
that  period,  and  the  residual  salvage  value  of  the 
surfaces  at  the  time  of  final  inspection  just  prior  to 
July  1,  1927,  or  the  corresponding  annual  depreciation. 

The  first  costs  of  the  surfacing  exclude  the  costs  of 
grading  and  drainage  structures  which  arc  a  common 
expense  for  any  type  of  road  surface. 

The  expenditures  for  maintenance  from  1922  to 
192(3  were  taken  from  the  systematic  cost  records  of 
the    State    highway    department   and    reduced    to    an 


Project  No.  and  county 


1.51,  Floyd 

178,  Murray 

22,  Milton.-- 

179,  Greene 

4,  Walton 

68,  Walton--.- - 

6A,  Hall 

41,  Douglas 

!^9.  .lackson 

l.'il,  .lackson 

tiO.  SlophenS-     

IS'.).  Hart 

IH,  llcnrv--- 

I'.i.  Hlwkley 

7(i,  Wheeler-- 

124,  Washington 

134,  Coweta 

144,  Macon- 

197,  Bulloch 

S-10-14,  Richmond-- 

18,  Dooly- 

."i.  Bacon 

ISW,  Karly 

20.'>,  Kdingham 

49,  Mitchell 

14'i,  Mcjntgomery 

140,  Tift 

77,  Charlton 

199,  Quitman 


Aver- 

Aver- 

Aver- 

Aver- 

age 

qual- 
ity  of 
trafTic 

age 

age 

per- 

num- 

class 
0'  soil 

cent- 
age of 

ber  of 
ve- 

mor- 
tar 

coarse 
ma- 

service 
during 

life 
period 

hicles 
per 

terial 

day 

Per 

cent 

v+ 

50 

85 

250 

C- 

45 

75 

218 

B- 

20-40 

60 

720 

A 

22 

80 

279 

A 

17 

80 

212 

A 

8 

80 

353 

B-l- 

10-30 

65 

220 

B  + 

4-15 

55 

597 

A- 
A 

8-20 
1.5-20 

80 
70 

321 
321 

B 

A 
B+ 

5-15 
20 

65 
80 
70 

435 

674 

1,015 

B+ 

.5-15 

65 

94 

B-f 

4-15 

75 

170 

B+ 

6 

80 

255 

B+ 

5 

80 

227 

C-f 

4 

50 

355 

B+ 

13 

70 

291 

A 

35 

85 

650 

B 

A 

3-5 
.5-20 

60 
70 

198 
557 

B+ 

6 

80 

318 

C+ 

B 

B-l- 

10 
30 
16 

40 

75 
80 

367 
253 
183 

B 
A 
B+ 

20 

30-50 

25 

80 
90 

75 

540 
800 
175 

Aver- 

Aver- 

age 

age  an- 

Life 

initial 

nual 

period 

depth 

loss    s 

of 

from 

surface 

surface 

Years 

Indies 

Inches 

6.  16 

6.0 

0.4 

4.50 

8.5 

1.7 

6.00 

6.0 

1.75 

6.00 

10.0 

1.0 

7.50 

8.0 

6.25 

10.0 

1.5 

7.16 

5.0 

.6 

6.75 

4.5 

.  7 

7.00 

7.0 

1.5 

6.00 

6.5 

1.7 

6.  33 

6.5 

1.7 

4.  .50 

9.5 

1.7 

fi.  00 

8.0 

1.7 

4.85 

6.0 

1.7 

5.  25 

9.0 

,■■, 

6.42 

7.0 

1.4 

6.00 

8.5 

.  5 

6.  25 

6.5 

1.8 

6.33 

8.0 

5.  25 

6.3 

1.5 

.5.91 

4.0 

5.  75 

5.0 

.6 

6.00 

8.0 

1.5 

4.00 

8.0 

4.00 

8.0 

.5 

5.25 

7.0 

.45 

4.75 

4.0 

.3 

3.00 

8.0 

11.0 

6.00 

5.6 

1.6 

Num- 
ber 
sample 
points 


6 
5 
8 
9 
6 
4 
4 
4 
5 
12 
7 

7 
8 
5 
8 
4 
4 
3 
9 
9 
6 
4 
12 
9 
3 
5 
4 


1  These  projects  show  the  more  consistent  losses  in  slab  depth, 
projects,  0.  6  inch. 


Average  loss  on  25 


average  annual  rate  per  mile.  This  average  figure  is 
applied  in  the  tables  to  the  entire  life  period  shown 
for  each  project. 

With  maciiine  methods  of  maintenance  it  is  difficult 
to  separate  the  expenditures  upon  the  surface  itself 
from  concurrent  work  upon  the  adjacent  earth  shoul- 
ders. The  records  were  not  kept  so  that  a  clear 
distinction  could  be  made.  Hence,  the  figures  include 
the  upkeep  of  shoulders  as  well  as  of  the  road  surface. 
Since  work  on  the  shoulders  is  a  necessary  incident  to 
keeping  the  crown  in  good  shape  and  maintaining  free 
surface  drainage  into  the  side  ditches,  such  shoulder 
costs  are  in  general  a  legitimate  part  of  operating 
expense.  The  figures  do  not  include  repairs  to  drain- 
age structures  and  bridges,  cleaning  side  ditches, 
mowing  of  weeds  and  bushes,  or  other  items  incurred 
in  the  care  of  the  right  of  way. 

Interest  on  the  investment  is  computed  at  a  rate  of 
5  per  cent  in  the  belief  that  it  represents  a  full  average 
rate  for  money  obtained  on  county  l>onds  in  this  State. 
Much  of  the  money  invested  in  tliese  projects  was 
obtained  from  county  bonds,  and  all  other  money  used 
may  be  properly  accorded  an  equal  earning  power 
from  the  investment  standpoint.  In  arriving  at  the 
total  sum  invested  by  the  public  in  these  and  other 
types  of  roads  for  a  given  period  of  life,  the  interest- 
bearing  value  of  the  money  should  be  included. 

With  the  decision  to  make  a  final  report  on  this  re- 
search as  of  July  1,  1927,  the  writer  made  a  careful 
inspection  of  the  projects  in  the  latter  part  of  June. 
Notes  were  taken  upon  existing  thickness  of  surfaces, 
condition  of  the  surfacing,  evidences  of  cutting  through 
into  the  subgrade  or  other  weaknesses  with  a  view  to 
forming  a  judgment  of  the  remaining  service  or  salvage 
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Table  5.^Slwwuig  economic  data  on  29  Georgia  Fckral-aid  projrch,  nrmn,,nl  in  onUr  of  I  raffia  dcnsih, 

ITotiil  length  of  projects,  21().7  inile.sl 


19 
76 
199 
HIS 
18 
4 
178 
6A 

134 
151 

49 

124 

179 

'197 

196 

59 

131 

68 

144 

3  205 

60 

3146 

5 

41 

S-10- 

14 

189 

22 

•'77 

IB 


Bleckley 

Wheeler 

Quitman 

Montgomery. 

Dooly 

Walton _ 

Murray 

Hal! 


Coweta 

Flovd 

Mitchell 

Washington- 
Greene 

Bullock 

Early 

Jackson 

_-._do 

Walton 

Macon..   -.. 
Effingham.-- 

Stephens 

Tift 

Bacon. 

Douclas 

Richmond. .- 


Hart 

Milton.-. 
Charlton- 
Henry 


Middle 

do 

South 

do 

do-.- 

North 

Northwest 

North  Georgia 
mountains. 

Middle 

Northwest 

South... -. 

Middle 

Northeast 

Middle 

South 

Northeast 

...-do... 

North--- 

Middle 

South 

Northeast 

South 

..do 

North  Central. 
Middle 


Tiipsoil. 

--.do 

I>ocal  gravel 

Red  pebble  soil 

Variable,  sand-clay 

Topsoil 

Chert 

Topsoil 


Northeast 

North  Central. 

South 

Middle 


...do 

Chert 

Red  pebble  soil . 

Sand-clay 

Semi-gravel 

Sand-clay 

....do 

Topsoil 

.-..do 

do 

Sand-clay 

Poor  sand-clay. - 

Topsoil 

Red  pebble  soil. 

Sand-day 

Topsoil 

Local  gravel 


Topsoil 

Semigravel.. 

Gravel 

Topsoil 


Sand-clav-. 

do 

do 

do 

do 

Clay 

do 

do 


do 

do 

Sand-clav.., 

..-.do 

Clay 

Sand-clay... 
Sandy  loam. 

Clay 

...-do 

do 

Sandy  loam. 

do 

Clay 

Sand-clay... 
Sandy  loam. 

Clay 

Sand-clay... 


Clav.. 

....do 

Sandy  loam. 
Clay 


Weighted  averages 

Weighted  averages  for  service  period  for  sections  with  less  than  300  daily 

vehicles. 
Weighted  averages  for   service  period  for  sections  with   300  or  more 

daily  vehicles. 


Miles 
9.1 
9.9 
5.0 

12.4 

10. 
9.4 
fi.3 
5, 

19.9 
7.3 

13.4 
5.9 
2.7 
2.3 
8.9 
4.3 
7.1 
9.1 
3.8 
4.2 

11.0 
6.0 

17.6 
6.6 
8.4 

3.8 
10.  0 
19.2 

7.0 


215.0 
117.4 


97.6 


Years 
4.8, 
5.  25 
6.00 

5.  25 
5.91 
7.  50 
4.50 
7.16 

6.00 

6.  16 
4.00 
6.42 
6.00 
6.33 
6.00 
7.00 
6.00 
6.25 
6.25 
4.00 
6.33 
4.75 

5.  75 
6.75 
5.25 

4.50 

6.  OO 
3.00 
6.00 


Doprcc 
per  mil 
.■icrvicc 


iation 
during 
Iicriod 


5.81 
5.66 


^.  rt. 
70: 

65i 

65: 

50 1 

80 

7, 

40 

90 

60 
25 
40i 
50 
40 
6, 

81) 
85 
65 
85 
95 
85 
75 
85 
85 
60 

60 
85 
60 
100 

68 
58 


6. 00'   80 


$746 
2,029 
1,078 
744 
617 
1,145 
1,222 
1,475 

1.204 

695 

446: 

586' 

491 

774j 

1,625 

1,.567. 

2, 106 

1,496 

659: 

2, 079| 

1,499 

1,838J 

1,492: 

l,760l 

1,848 

1,190 
1,566 
7,  547 
1,427 


$154  fl.OO, 
387  3,  122 
180  1,6.W 
142i  1,487 
104!  771 
l.WI  1,526 
272  3.055 
206    1.639 

201  2,007 
113  2,781 
I12i  1,  116 
91  1.172 
82'  1,227 
122  1,1901 
2711  2.167 
224,  1.959 
351 1  2.478 
239  2.302 
105'  775 
.520    2, 188| 

237  1,7631 
387  2,451 
2.59  1,755! 
261    2.  071 1 

,352    3.080 

264,  1,983 

261 1  1,842 

2,  516  12.  ,578 

238  1,427 


214 
174 


yVar.v 


1,854 
1,  735 


262    1,998| 


$30 
88 
46 
41 
22 
42 
83 
46 


31 
32 
33 
33 
61 
54 
71 
63 
22 
68 
50 
7! 
50 
.58 
86 

56 

53 

377 

42 


a  =; 
II 


c  c 
ffl  « 


$106 
145 
174 
1 

1,54 
162 
14 
228 

1.50 
14(i 
1,58 
200 
146 
170 
142 
265 
180 
173 
16.'^ 
218 
177 
209 
200 
180 
1.50 

205 
154 
177 
298 


, 

B 

a  Cj 

3 

3  > 

C 

Vehicles 

c  ■;• 

^ 

per 

.-■a 

day, 
day- 

0 

z.  c 

light 

G  t" 

. 

hours 

0  S3 

E  k- 

^0 

0,  0 

Q, 

-0 

hh 

•^1 

C.7  - 

•C:; 

>—  5  "" 

"a 

i  t   Sii 

b  ^ 

16  17 


^ '  c 


O 


$290  97  94 

620  221  170: 

400i  200I  175: 

340  221 1  183 


280 
3,57 
502 
480 


215!  198 

302i  212 

(1)  I  218 

254  220 


406  238 
3311  30C 
301 1  (2) 
323,  339 
261  215 
3251  381 

474 

543|  209 
602  209 
475.  438 
292j  389 
8061  (') 
464  468 
667|  (5) 
509,  812 
499  ,591 
.588  12^:0 

525  («) 
468  872 
3,070  O 


3.  09 
3.  65 
2.29 
1.86 
1.41 
1.68 
2.  30 
2.  18 


B-f 

B  + 

B-t- 

H-f 

B 

A 

C 

B-1- 


Avcragr 
■piality  (if 
I  rallic  service 
during  .serv- 
ice period  on 
basis  of  best 
service  of 
these  slabs 
as  1(K)  PIT 
cent 


22' 

2.50 

2,53' 

255 

279I 

291 

318; 

321 

321 

3,53 

355; 

.367 
4351 
.540,1 
557| 
.597| 
650 


1.79    B-l- 
l.;i2l   C-l- 
1.19   B 
1.27i  B-1- 
.94   A 
1,12  B-f 
1.49   li  + 
1.69  A- 
1.88  A 
1.35  A 

.82  r+ 

2.  20i  C  + 

1.07i  B 

1.241  B 

91    A 

.84    B  + 

.90  A 


.578:  (•)    1,015, 


074        .78  A 
720]       .65:  B- 
8OO1     3. 84   A 


.,571  B-l- 


.505... 


3.551 
207' 

1.54 

1.94' 

532 

1.06 

^ 

c 

u. 

20 

21 

65 

70 

85 

70 

80 

85 

75 

65 

52 

90 

80 

70 

75 

55 

85 

75 

90 

80 

75 

80 

80 

75 

90 

75 

85 

85 

70 

80 
85 

80 
80 
70 
80 
80 
70 


70,     80 


60|     45  .50 

.-;---.  40 

70:     60  65 

80     80  80 

85 1     60  70 

60     55  55 

90..-. I  85 


-.   I  80 

50  60 

90  90 

65  70 

-.-!  75 


1  Surface  treated  in  1926. 

2  Paved  in  1925-26. 

5  Project  omitted  in  computing  weighted  averages. 
'  Rebuilt  with  gravel  in  19'2,5-26. 

worth  of  each  section  of  road  adjacent  to  sample  points. 
A  number  of  representative  samples  were  tak'en  for 
final  analysis. 

The  judgment  arrived  at  was  expressed  as  a  per- 
centage of  the  first  cost  of  the  surfacing.  The  data 
were  not  sufficient  to  estimate  satisfactorily  the  quan- 
tity of  original  surfacing  material  still  present  on  the 
road  owing  to  the  distance  between  sample  points, 
and  the  variable  conditions  noted  between  such  points 
in  the  final  inspection.  Judgment  was  based  on  the 
depth  losses  recorded,  physical  condition  of  the  surface, 
evidence  of  cutting  wher*^  such  existed,  and  recent 
reports  of  dependable  service  in  wet  weather.  Fi-om 
the  salvage  estimate,  the  complementary  totitl  (h'pre- 
ciation  is  easily  derived.  This  figure  apix'ars  in 
column  8  of  Table  5  and  is  reduced  to  annual  dollars 
per  mile  in  column  10. 

It  has  been  thought  useful  to  combine  the  foregoing 
financial  items  into  the  figures  shown  in  coluinn  1")  of 
Table  5  to  represent  the  total  investment  per  mile 
per  year  expended  at  a  unifonn  rate  to  furnish  tiaflic 
service.  The  total  depreciation  of  surface  divided  by 
the  life  period  used  gives  the  annual  depreciation  per 


5  Paved  in  1926. 
8  Paved  in  1926-27. 
■  Surface  treated  in  1925. 
«  Paved  in  1925-26. 

mile  per  yen  1-.  If  we  add  the  average  annual  e.xpendi- 
ture  for  maintenance,  the  average  annual  interest  (.see 
column  13)  on  the  first  cost  of  the  surface  and  the  aver- 
age depreciation  per  year  expressed  in  dollars,  th(>  sum 
constitutes  the  distributed  annual  cost  per  mile. 

Such  figures  are  useful  and  significant  in  comijaring 
the  several  road  soil  projects  with  each  other  and  in  a 
further  comparison  with  types  of  paved  roads  where 
similar  data  covering  the  life  history  have  Ixmui  kept. 

(\)lunin  18  of  Table  5  shows  the  (piotient  of  the 
annual  distributed  cost  jier  mile  wh(>n  divided  by  the 
av(>rage  daily  trafiic  for  each  proj(>ct.  This  (piotient 
may  be  legartled  as  an  ()|)erativ(>  efficiency  index.  So 
long  as  the  index  decreases  as  traffic  increases  and  the 
(piality  of  service  is  substantially  maintained,  the 
economic  status  is  improving.  This  index  thus  be- 
comes a  measure  of  traffic  capacity  when  related  to 
the  (|uality  of  service^  rendered. 

.Vnothcr  importani  significance  is  found  when  a 
road  of  this  type  has  worn  down  and  must  be  rebuilt. 
Comparing  the  vehicle-mile  cost  for  this  type  with 
the  same  figure  at  th(>  same  traffic  density  for  a  more 
costly    type   of   surface    becomes    a    valuable    basis    of 
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1920 


1925 

Project  No.  76,  in  Wheeler  County.     Sample  Point 
No.  3 

decision  between  replacement  with  the  same  road  soil 
material  or  with  a  more  expensive  surface. 

AVERAGE  QUALITY  OF  SERVICE 

Columns  20  to  22  of  Table  5  show  the  average 
quality  of  traffic  service  by  pei'iods  for  use  in  interpret- 
ing the  financial  results.  The  figures  are  derived  from 
the  detailed  project  data  tables.  An  average  quality 
of  service  below  50  per  cent  is  to  be  regarded  as  weak 
and  unsatisfactory.  From  60  to  70  per  cent  should  be 
considered  quite  satisfactory,  from  70  to  80  per  cent  as 
very  good,  and  above  SO  per  cent  as  excellent  and 
dependable  service  in  all  weathers  and  under  5-ton 
trucks.  The  percentages  in  the  table  represent  the 
repeated  judgments  of  the  inspectors. 

At  the  bottom  of  Table  5  weighted  averages  are 
shown  which  are  thought  to  have  significance.  These 
generalizations  are  of  importance  in  giving  a  picture 
of  what  may  reasonably  be  expected  in  the  matter  of 


■H 
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Project  No.   196,  in  Early  County 


cost,  service,  and  traffic  carrying  capacity  of  this  class 
of  roads.  They  draw  the  picture  in  darker  colors, 
however,  than  it  deserves  since  the  list  of  projects 
contains  a  number  of  weak  soils  which  can  and  should 
be  eliminated  in  future  construction  of  this  type.  It 
should  be  said  that  such  elimination  has  been  made 
already  by  the  State  highway  department,  and  that  on 
road  soil  projects  built  since  1922  better  materials  have 
been  used  and  more  attention  has  been  given  to  details 
during  construction  than  on  many  of  the  older  projects 
included  in  this  research. 

Throughout  the  research  the  observed  and  the  com- 
puted data  have  been  handled  from  the  following  view- 
point: 

We  are  dealing  with  a  material  of  low  cost  and  rela- 
tively large  variations  in  composition  acted  upon  by 
varying  weather  conditions  and  traffic  burdens  of  un- 
certain amounts.  Some  of  the  important  data  is 
arrived  at  as  a  matter  of  judgment.     In  presenting'_a 
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the  analyses  at  all  of  the  180  sample  points,  it  was  foiuul 
that  113  of  that  niuuber  showed  very  con.sistent  com- 
position, and  that  the  grade  of  soil  mortar  remained 
notably  constant  or  normal  dnrin<^  tlie  life  period. 

One  hundi'ed  and  fifty  sample  ])oints  show  a  fairly 
normal  or  constant  li<jure  for  croarse  sand.  Tlie  varia- 
tions in  clay  content  are  the  widest.  This  is  to  he 
expected;  yet  11(3  sample  points  give  a  fairly  consistent 
clay  percentage.  If  the  last  two  years  of  service  are 
omitted,  when  quite  a  large  number  of  surfaces  had 
worn  thin  and  were  scarified  and  frequently  new  ma- 
terial added,  the  number  of  surfaces  with  consistent 
composition  becomes  larger.  It  was  o])served  that 
several  of  the  pi-ojects,  notably  No.  179  in  (Jreene 
County  and  No.  189  in  Hart  County,  were  somewliat 
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Project  No.  179,  in  Greene  County.     Sample  Point  No.  1 

report  it  is  desirable  to  so  handle  tlie  data  that  the 
resultant  conclusions  shall  be  on  the  side  of  conserva- 
tism. It  is  much  better  to  imderstate  than  to  over- 
state the  possibilities  inherent  in  the  use  of  this  class  of 
materials  as  revealed  by  the  quantitative  evidence 
adduced. 

It  should  be  said,  on  the  other  hand,  that  these  road 
soils  have  many  substantial  merits  and  occupy  an 
assured  place  in  the  future  of  highway  betterment. 
The  casual  reader  must  not  be  misled  on  this  point  by 
the  candor  with  which  the  report  points  out  the  adverse 
factors.  Their  ls;nown  residts  are  notable  and  worth 
while . 

LACK     OF     KNOWLEDGE     OF     CLAY    CHARACTERISTICS     HAMPERS 
INTERPRETATION  OF  DATA  ON  SOIL  COMPOSITION 

The  complete  records  representing  the  180  sample 
points  (illustrated  by  Tables  1,  2,  and  3)  are  not  pre- 
sented here,  but  conspicuous  facts  resulting  from  their 
study  will  be  presented.  These  records  were  examined 
for  changes  in  surface  composition.  The  most  signifi- 
cant items  are  those  showing  the  amounts  of  clay  and 
the  coarser  sand  above  No.  60  sieve.  A  number  of 
cases  were  noted  where  sudden  clay  increases  or  losses 
are  attributable  to  admixture  of  shoulder  material  be- 
cause of  lack  of  care  in  machining  the  roadbed.  On 
project  No.  60,  in  Stephens  County,  all  the  sample 
points  showed  a  5  to  8  per  cent  increase  in  clay  between 
1922  and  1923.  Likewise  on  project  No.  144,  in 
Macon  County,  where  sandy  shoulders  exist,  the  oppo- 
site effect  of  decrease  in  percentage  of  clay  was  noted  at 
all  the  sample  points  due  to  incorporation  of  fine  sand 
in  1924.  If  only  one  sample  prtint  on  a  project  shows 
sudden  change,  the  cause  is  probably  local  such  as 
tracking  in  of  clay  from  a  side  road  or  careless  shoveling 
of  some  ditch  material  onto  the  surface.     In  reviewing 
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Project  No.  59,  in  Jackson  County.     Sample  Point  No.  2 

low  in  original  clay  and  high  in  coarse  material  or 
gravel.  These  projects  while  free  from  mud  are  sub- 
ject to  more  rapid  loss  in  dry  weather.  Such  surfaces 
need  from  20  to  30  per  cent  clay  in  the  mortar  to  bind 
the  coarse  material  properly. 

Project  No.  179,  in  Greene  County,  had  an  average 
gravel  content  of  22  per  cent,  and  an  average  clay 
content  in  the  mortar  of  14  per  cent.  The  latter  figure 
is  but  11  per  cent  of  the  whole  material.  While  fur- 
nishing an  excellent  quality  of  service  for  traffic  of  279 
vehicles  per  day,  this  project  has  undergone  an  annual 
loss  of  depth  of  nearly  1  inch  per  year. 

Project  No.  189,  in  Hart  County,  with  a  traffic  of 
674  vehicles  per  day  and  clay  and  gravel  limits  similar 
to  project  No.  179,  was  very  difficult  to  keep  smooth 
and  free  from  holes  during  its  four  and  one-half  years 
of  service  before  a  concrete  pavement  was  laid. 

An  exact  interpretation  of  variations  in  composition 
is  seriously   hampered   by   lack   of  knowledge   of   the 


quality  of  the  clay  ingredients.  Certain  clays  are  more 
ad.hesive  and  efi'ective  than  others,  but  the  (piantitative 
degree  of  variations  in  clay  characteristics  is  yet  to  be 
fully  determined. 

SURFACE  LOSSES  RARELY  EXCEED  1  INCH  PER  YEAR 

In  the  matter  of  depth  losses,  there  are  16  projects 
where  two-thirds  or  more  of  tlie  individual  sample 
points  show  a  consistent  loss  of  material  not  seriously 
aft'ected  by  maintenance  or  addition  of  new  material. 
The  average  annual  losses  on  these  projects  range  from 
0.5  inch  to  1  inch  per  year,  with  a  general  average  of 
0.67  inch.  Taking  the  record  for  all  the  projects,  the 
general  average  loss  per  year  is  0.6  inch.  Making 
allowance  for  any  doubtful  factors,  it  seems  conserva- 
tive to  say  that  for  this  type  of  surface  and  within 
reasonable  traffic  limits  the  annual  loss  of  material  will 
rarely  exceed  1  inch  per  year.  Certainly  for  the  first 
five  years  of  service  a  much  lower  loss  is  shown  on  the 
projects  studied. 

It  was  observed  that  surface  losses,  while  progressive, 
do  not  accumulate  uniformly,  nor  are  they  dependent 
solely  on  the  amount  of  traffic.  Comparing  jDroject 
No.  19,  in  Bleckley  County,  carrying  the  extremely 
lig,ht  traffic  of  94  vehicles  per  day,  with  project  No.  76, 
in  Wheeler  County,  carrying  170  vehicles,  we  find  the 
former  has  a  yearly  loss  of  0.7  inch  as  against  0.5  inch 
for  the  latter.  Both  surfaces  are  comparable  in  com- 
])osition  and  both  projects  are  similar  as  to  subgrade 
material  and  general  topography. 

Likewise  project  No.  124,  in  Washington  County, 
which  is  closely  adjacent  to  the  Wheeler  County  project, 
has  been  carrying  a  traffic  of  255  vehicles  per  day  with  a 
loss  of  only  0.4  inch  per  year.  Project  No.  60,  in  north 
Georgia,  has  a  composition  similar  to  project  No.  19,  in 
Bleckley  County,  but  rests  on  a  clay  subsoil  and  with  clay 
shoulders,  and  has  borne  435  vehicles  per  day  with  a  0.7 
inch  loss,  which  is  just  equal  to  that  of  project  No.  19. 

No  hard  and  fast  decision  is  warranted  regarding  sur- 
face losses,  but  it  is  undoubtedly  true  that  a  large  part 
of  them  accrue  from  weather  influences,  grade  condi- 
tions, and  machining,  and  it  may  be  tentatively  sug- 
gested that  this  portion  of  the  loss  will  reach  0.3  inch 
or  more  per  year,  regardless  of  traffic  density.  Up  to 
a  certain  point,  traffic  helps  to  maintain  the  surface  by 
])acking  the  loose  material  which  is  foimed  when 
machining  and  smoothing  the  surface. 

The  two  chert  projects — No.  151,  in  Floyd  County, 
and  No.  178,  in  Murray  County — are  cpiite  different 
from  soils  with  true  clay  binder.  The  large  percentage 
of  fine  material  is  recorded  as  clay,  but  it  is  in  fact 
amorphous  silica.  It  has  good  l)inding  value  and  is 
nonswelling  with  moisture.  The  Flo.yd  County  project 
has  proven  much  the  better  of  the  two.  The  Murray 
County  project  lost  material  so  fast  that  it  was  surface 
treated  with  asphalt  in  1926. 

Of  the  other  original  projects.  No.  77  in  Charlton 
County,  No.  146  in  Tift  County,  No.  49  in  Mitchell 
County,  No.  IB  in  Henry  County,  and  No.  189  in 
Hart  County  have  been  surface  treated  or  paved  since 
the  research  study  began,  and  No.  205  in  Effingham 
County  has  been  rebuilt  with  a  gravel  surfacing. 

Table  4,  on  page  126,  gives  comparative  data  which 
may  be  of  interest,  but  the  reader  is  cautioned  against 
arbitrary  conclusions  therefrom,  especially  in  regard  to 
depth  and  loss  of  surface  material.  The  traffic  wears 
each  section  of  road  as  it  finds  it,  and  is  no  respecter  of 
averages.     However,    the    table    does    generalize    and 
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ct)nipiire  certain  results  in  a  tentative  way  that  may 
awaken  thought,  and  furnish  possible  illustrations. 

COST    OF    PKOVIDING    TRAFFIC    SERVICE    ON    VARIOUS    PROJECTS 
DISCUSSED 

Attention  is  now  directed  to  tlie  more  significant 
items  in  Table  5,  on  page  127. 

The  depreciations  in  column  8  are  necessarily  the 
result  of  judgment  and  careful  estimate  as  previously 
explained.  In  most  cases  the  period  of  study  has  cov- 
ered about  75  per  cent  of  the  prospective  total  life. 
Thus  the  evidences  of  depreciation  were  well  advanced 
and  in  a  number  of  cases  the  necessity  of  early  replace- 
ment was  clear.  In  other  cases  the  thickness  of  mate- 
rial still  remaining  in  place  and  the  condition  of  the 
surface  indicated  at  least  2  or  more  years  of  satisfac- 
tory service.  Project  No.  151,  in  Floyd  County,  built 
of  high  grade  chert,  and  the  exceptionally  good  semi- 
gravel  project  No.  179,  in  Greene  County,  are  in  notably 
good  condition  and  deserve  the  high  estimate  given. 
On  the  latter  project,  the  underlying  subgrade  is  itself 
an  excellent  (luality  of  adhesive  clay  containing  a  lai-ge 
percentage  of  coarse  sand. 

The  purpose  of  Table  5  is  to  arrive  at  the  significant 
annual  distributed  cost  per  mile  (column  15)  and 
the  related  index  of  operating  efficiency  (column  18). 
Thus  an  estimated  total  life  period  as  shown  in  column 
12  is  needed.  The  assumption  of  a  straight-line  de- 
preciation is  made  in  arriving  at  the  figures  given. 
This  assumption  is  possibly  too  favorable.  The  actual 
rate  of  depreciation  of  all  kinds  of  road  surfaces  in- 
volves many  complex  factors.  This  is  especially  true 
of  the  road  soil  surfaces.  Theoretically  the  rate  of 
depreciation  of  these  surfaces  should  increase  pro- 
gressively owing  to  loss  of  material  and  growth  of 
traffic  density.  If  the  ultra  assumption  were  made 
that  all  of  the  projects  were  entirely  worn  out  the 
eftect  on  the  average  distributed  cost  per  mile  would 
be  to  raise  it  about  30  per  cent.  The  effect  of  the 
assumption  of  a  straight-line  depreciation  is  to  increase 
the  average  life  of  all  the  projects  by  about  three  years. 
In  the  writer's  judgment,  an  average  2-year  increment 
will  be  borne  out  in  their  actual  history. 

Interest  is  allowed  on  the  money  invested  at  the 
rate  of  5  per  cent.  The  investment  in  the  original 
surface  decreases  year  by  year  as  depreciation  accrues 
and  the  average  annual  interest  charge  is  amortized 
bv  the  following  formula : 

■  .  \.^^A  I  (N+\\ 

Average  annual  mterest  =  ^  I — c, —  ) 

Where  A  =  initial  cost, 

/=  interest  rate, 
and       7V  =  years  of  total  life. 

The  sum  of  the  annual  depreciation  (column  10), 
the  average  annual  interest  charges  (column  13),  and 
the  average  maintenance  expense  (column  14)  com- 
pose the  annual  distributed  cost  per  mile.  This  may 
be  regarded  as  the  measure  of  the  actual  outlay,  uni- 
formly disbursed,  which  the  public  treasury  pays  to 
furnish  this  transportation  facility. 

If  the  annual  distributed  cost  per  mile  on  each  ])roj- 
ect  be  divided  by  the  average  traffic  count  in  column 
17,  the  result  is  the  annual  vehicle-mile  cost  (column 
18);  i.  e.,  the  amount  of  public  money  which  was  used 
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Project  No.  4,  in  Walton  County.     Sample  Point  No.  1 

to  supply  365  miles  of  travel  to  each  vehicle  which 
used  the  road  on  an  average  day. 

The  relation  between  the  transportation  mileage 
furnished  and  the  quality  of  that  service  is  of  interest. 
Columns  20,  21,  and  22,  seek  to  express  the  quality  of 
service  as  explained  on  page  123. 

Four  of  the  29  projects  are  omitted  from  the  com- 
putation of  weighted  averages  owing  to  various  un- 
certainties in  the  record,  to  short  service,  or  marked 
difference  in  material. 

Computations  of  weighted  averages  omitting  the  two 
chert  projects  were  made  separately,  and  another  set 
omitted  the  semigravel  projects,  etc.  The  results 
varied  so  slightly  that  one  set  of  averages  can  include 
the  25  projects  considered. 

It  will  be  noted  that  the  annual  distributed  cost  per 
mile  ranges  from  $280  to  .$620,  with  the  weighted 
average  at  $435.  Variations  from  this  average  are  due 
largely  to  initial  cost  and  depreciation. 


The  annual  maintenance  figures  do  not  vary  widely 
from  the  weighted  average  of  $170;  not  so  much, 
perhaps,  as  the  current  needs  of  the  several  projects 
warranted.  The  highway  laws  of  Georgia  have  a 
clause  providing  for  uniform  distribution  of  main- 
tenance funds  which  is  embarrassing  at  times  and  which 
can  be  escaped  only  to  a  limited  degree  through  a 
small  emergency  fund.  Thus,  on  project  No.  22,  in 
Milton  County,  with  a  traffic  count  of  720  vehicles, 
including  15  per  cent  trucks,  the  maintenance  figure 
is  $154,  which  is  less  than  the  average.  From  the 
outset,  this  project  has  shown  a  lower  quality  of  service 
than  would  have  been  the  case  had  the  maintenance 
been  full}'  adequate.  It  is  felt  that  the  normal  yearly 
maintenance  figure  for  these  types  should  be  from  $200 
to  $250  per  mile  for  best  efficiency  in  quality  of  service 
with  the  probability  of  some  increase  in  the  life  of  the 
surface. 

AVERAGE    COSTS,   UFE   PERIOD.   AND   SERVICE   QUALITY    OF   ROAD 
SOIL  SURFACES  INDICATED 

The  general  weight  of  the  detailed  evidence  carried 
by  Table  5  may  be  summed  up  as  follows:  The  25 
projects  comprise  215  miles  of  road  which  are  widely 
distributed  and  satisfactorily  representative  of  sub- 
grade,  topographic,  and  traffic  conditions  in  the  State. 
The  weighted  averages  give  direct  evidence  that  with 
a  traffic  count  of  355  vehicles  and  an  initial  cost  of 
$1,854  per  mile  the  projects  have  served  for  an  average 
life  of  6  years — 5.81  years — with  a  quality  of  service 
represented  by  73  per  cent.  This  rating  corresponds 
to  a  very  satisfactory  and  reliable  service. 

The  corresponding  annual  distributed  cost  per  mile 
is  $435  and  the  vehicle  index  is  $1.54. 

The  indicated  service  quality  during  the  first  half 
of  the  life  periods  observed  was  better  than  during 
the  later  years.  Eighteen  of  the  29  projects  show  80 
per  cent  or  better  during  the  first  half  of  their  life 
periods  and  17  show  75  per  cent  or  better  for  the  entire 
period  of  observation.  The  figure  of  80  per  cent  means 
entirely  dependable  uninterrupted  service  in  all  weathers 
for  passenger  cars  and  trucks  (5-ton  maximum). 

Interpreted  in  terms  of  speed,  SO  per  cent  quality 
of  service  implies  safe  movement  of  passenger  cars  at 
50  miles  per  hour  in  dry  weather  and  30  to  35  miles 
per  hour  when  heavy  rain  is  falling.  Similar  limits 
for  trucks  are  35  and  20  miles  per  hour,  respectively. 
The  figure  of  75  per  cent  implies  substantial  satisfac- 
tion in  all  weathers,  but  with  reduced  speeds  in  wet 
weather,  less  smoothness,  and  more  care  in  driving. 
It  does  not  imply  soft  mudholes  or  serious  slipping  in 
wet  weather. 

INVESTIGATION  SHOWS  TRAFFIC  LIMITS  AND  REPLACEMENT  DATA 
FOR  ROAD  SOIL  TYPES 

A  study  of  Table  5  together  with  the  related  research 
data  makes  it  pertinent  to  include  here  certain  details 
and  suggestions  with  regard  to  traffic  limits  and  re- 
placement which  seem  to  be  valid  and  helpful. 

In  place  of  the  18-foot  width  of  surface  which  these 
projects  represent,  it  is  evidently  wise  to  make  the  surface 
26  feet  wide  for  a  30-foot  road  (includes  ditches  2  feet 
wide).  This  eliminates  the  present  4-foot  shoulders  of 
poor  grade  local  dirt  and  provides  a  freer  drainage  from 
the  bottom  of  the  surface  into  the  side  ditches.  The  com- 
pacted surface  should  have  an  average  depth  of  7.5  inches 
(8  inches  for  the  central  18  feet,  reducing  to  4  inches  at 
the  ditch  margins).  This  is  the  present  practice  of 
the  Georgia  State  Highway  Department  and  results  in 


September,  1929 


PUBLIC    ROADS 


133 


more  effective  machine  maintenance  without  danger  of 
incorporating  poor  shoulder  material  into  the  road 
surface. 

Such  construction  requires  3,400  cubic  yards  of 
material  per  mile  and  costs,  at  present  contract  prices, 
about  $1,700  in  place  under  average  conditions  and 
with  an  average  haul  of  2  miles. 

The  field  observations  and  the  tabulated  data  in- 
dicate that  when  traffic  density  exceeds  600  vehicles 
per  day,  the  economic  working  capacity  of  these 
surfaces  has,  in  general,  probably  been  reached. 

To  date,  15  of  the  29  projects  have  carried  a  traffic 
ranging  from  318  up  to  1,015.  Of  these,  three  have 
been  paved  since  1922,  mainly  on  account  of  dense 
traffic — No.  IB,  in  Henry  County,  with  a  1,015  count; 
No.  189,  in  Hart  County,  with  674  count;  and  No.  146, 
in  Tift  County,  with  540  count.  Project  No.  77,  in 
Charlton  County,  was  originally  built  with  gravel. 
Because  of  rapid  loss  of  material,  it  was  surface  treated 
with  asphalt.  The  traffic  count  of  800  is  deemed  to 
be  lower  than  the  actual  24-hour  burden  on  this  tourist 
route  to  Florida. 

Project  No.  49,  in  Mitchell  County,  was  paved  in 
1925-26.  At  that  time  the  traffic  count  was  253  and 
the  surface  was  in  excellent  condition.  The  replace- 
ment was  due  to  causes  other  than  traffic  density. 

Project  No.  205,  in  Effingham  County,  was  originally 
surfaced  with  a  manifestly  inadequate  local  soil  and 
gave  such  poor  surface  that  it  was  rebuilt  with  gravel 
as  soon  as  practicable.  The  average  traffic  was  367 
vehicles  daily. 

A  comparison  of  the  behavior  of  project  No.  77,  in 
Charlton  County,  and  No.  S-10-14,  in  Richmond 
County,  gives  instructive  illusti'ation  regarding  clay 
ingredients  and  gravel  content.  The  latter  project 
is  built  from  a  local  gravel  soil  containing  35  per  cent 
coarse  material.  It  is  bound  by  an  excellent  class  A 
soil  mortar  containing  a  strongly  adhesive  kaolin  type 
of  clay.  It  has  carried  a  heavy  traffic  burden  (650 
daily  vehicles)  on  an  important  tourist  route.  It  was 
laid  in  varying  depths  from  8  to  5  inches.  After  5.25 
years,  it  retains  an  average  depth  of  3.25  inches  and 
has  shown  a  quality  service  of  85  per  cent.  Its  initial 
cost  was  $3,080  per  mile,  its  annual  distributed  cost 
per  mile  is  only  $588,  and  its  vehicle  index  is  90  cents. 
By  contrast.  No.  77,  in  Charlton  County,  was  built 
with  imported  gravel  containing  30  to  50  per  cent 
coarse  material.  During  three  years'  service  it  lost 
surface  thickness  at  the  rate  of  1  inch  per  year  and  was 
surface  treated  with  asphalt  to  preserve  it.  Its  soil 
mortar  was  sunilar  to  the  Richmond  project  in  clay 
percentage,  but  evidently  the  quality  of  the  clay  was 
far  less  adhesive.  Its  initial  cost  was  $12,578  per  mile, 
its  annual  distributed  cost  per  mile  was  $3,070,  and  its 
vehicle  index  $3.84.  The  comparison  is  made  to  show 
that  a  better  knowledge  of  the  characteristics  of  the 
clay  ingredient  in  soil  and  gravel  mixtures  is  vital  to 
true  economy  in  their  use. 

With  reference  to  project  IB,  in  Henry  County,  it  is 
felt  that  the  average  daily  traffic  of  1,015  vehicles  was 
well  beyond  the  limit  of  road-soil  efficiency.  Despite 
an  annual  maintenance  expenditure  of  $298  and  2  miles 
built  of  virtually  a  gravel  material  (30  to  60  i)er  cent 
coarse  material),  the  service  quality  was  not  maintained 
above  a  70  per  cent  figure.  The  traffic  found  this  road 
rough  from  quickly  forming  holes  and  corrugations 
and  loose  on  top  from  constant  scraping.  It  had  no 
deep  mud  or  serious  traffic  interruptions.     Its  vehicle 
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Project  No.  134,  in  Coweta  County.  Sample  Point  No.  2 

index  is  57  cents.  It  appears  from  this  project  that 
when  the  vehicle  index  gets  much  below  $1  it  is  prob- 
able that  conditions  are  unsatisfactory  and  rebuilding 
with  a  higher  type  of  material  is  necessaiy.  The  same 
indication  is  seen  on  project  No.  5,  in  Bacon  County, 
and  No.  41,  in  Douglas  County. 

Observing  the  special  counts  for  February,  1927,  it 
aj)pears  that  most  of  the  roads  have  grown  steadily  in 
vehicular  service.  Three  projects  apparently  have  lost 
traffic  density  and  live  seem  to  have  remained  station- 
ary. Project  No.  19,  in  Bleckley  County,  is  one  of  the 
latter,  and  has  the  lowest  count  of  94  vehicles  per  day, 
It  is  low  in  maintenance  cost  and  in  annual  distributed 
cost  per  mile  but  very  high  in  vehicle  index.  Project 
No.  76,  in  Wheeler  County,  has  shown  a  slight  growth  in 
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traffic.  It  was  l)uilt  when  prices  were  very  high,  has 
a  liigli  annual  distributed  cost  per  mile,  and  with  the  ex- 
ception of  No.  77,  in  Charlton  County,  has  the  highest 
vehicle  index  recorded. 

Taking  the  foregoing  discussion  into  consideration,  it 
is  submitted  that  Table  .5  is  sufficiently  representative 
in  time,  traffic  records,  and  costs  to  establish  a  reason- 
able standard  of  expectancy  for  selected  road  soil 
surfaces,  to  wit:  A  6  to  8  year  life  at  75  per  cent  quality 
of  service  for  a  traffic  of  400  to  600  daily  vehicles,  with 
an  annual  distributed  cost  per  mile  not  exceeding  .1500 
and  an  operative  vehicle  index  close  to  $1  per  vehicle 
under  the  said  traffic. 

The  accumulated  data  seem  to  give  a  useful  basis  of 
judgment  to  guide  replacement  programs.  Roads  with 
traffic  counts  below  400  and  with  no  evidence  of  marked 
increase  of  traffic  density  may  be  wisely  rebuilt  with 
road-soil  material.  As  the  traffic  conditions  approach 
or  exceed  600  vehicles  and  where  conditions  indicate 
rapid  traffic  growth,  the  use  of  a  more  durable  type  of 
surfacing  should  be  considered. 

MORE  IMPORTANT  CONCLUSIONS  AND  SUGGESTIONS 
SUMMARIZED 

The  life  history  of  road-soil  surfaces  rellects  the  com- 
bined results  of  original  surface  composition,  depth, 
cross  section,  and  width  used,  methods  of  mixing  and 
consolidation,  and  continuous  attention  and  upkeep 
by  road  machines.  If  the  road  soils  selected  lie  within 
certain  recognized  limits  of  composition  and  are  sub- 
jected to  a  traffic  of  moderate  intensity  (400  to  600 
vehicles  per  day),  the  average  cpiality  and  length  of 
service  are  highly  satisfactory,  the  maintenance  opera- 
tions are  quickly  and  easily  perfoi'med,  and  the  cost  of 
l)oth  construction  and  maintenance  is  gratifyingly  low. 

These  types  have  a  large  and  permanent  place  in 
highway  betterment  in  three  directions: 

(1)  As  the  first  stage  of  surfacing  for  newly  graded 
main  roads. 

(2)  As  the  chief  dependence  for  surfacing  secondary 
roads. 

(3)  As  a  valuable  subgrade  under  higher  types  of 
surface. 

COMPOSITION    AND    CLASSIFICATION    OF    ROAD    SOILS 

1.  The  mechanical  analysis  as  at  present  used  seems 
a  satisfactory  laboratory  method  in  the  premises  and 
the  definitions  of  coarse  material,  sand,  silt,  and  clay 
are  in  the  main  acceptable. 

2.  Knowledge  of  the  differences  in  adhesive  values 
of  clays  is  hisufficient.  The  way  has  been  opened  to 
supply  this  deficiency  in  accord  with  tests  suggested 
by  Dr.  Charles  Terzaghi  for  the  identification  of  clays.' 

3.  Until  a  more  accurate  knowknlge  of  the  clay 
ingredient  is  available,  the  present  limits  of  composi- 
tion for  classes  A,  B,  and  C  soil  mortars  may  be  allowed 
to  stand. 

4.  In  judging  these  materials,  full  emphasis  should 
be  placed  upon  the  soil  mortar — i.  e.,  material  below 
the  No.  10  sieve.  Weak  soil  mortars  even  with  large 
amounts  of  "coarse  material"  often  do  not  give  proper 
stability  under  traffic.  In  general,  class  C  mortars  are 
not  to  be  recommended  except  for  very  light  traffic  or 
when  the  surface  is  to  be  covered  with  a  2-inch  layer  of 
gravel,  semigravel,  or  coarse  screenings. 

'  Principles  of  Soil  Mechanics,  by  Dr.  Charles  Terzaghi,  Engineering  News- 
Itecord,  Nov.  5,  1925,  et  seq.  (8  articles),  vol.  95. 


5.  "Coarse  material"  above  10  per  cent  in  amount 
distinctly  increases  the  stability  and  durability  of  the 
surface,  less  with  class  C,  and  progressively  more  with 
class  B  and  class  A  mortars. 

6.  "Coarse  material"  is  most  effective  when  present 
in  graded  sizes  from  1  inch  downward.  Such  material 
of  micaceous,  feldspathic,  or  slaty  types  is  most  com- 
monly soft  and  soon  becomes  valueless. 

7.  Organic  matter  gives  much  initial  adhesive 
strength,  but  is  soon  oxidized  or  blown  away. 

8.  Of  the  total  sand  in  a  road  soil  mortar,  that  por- 
tion which  lies  above  the  No.  60  sieve  is  a  most  impor- 
tant factor  in  hardness,  supporting  value,  and  durability 
of  the  surface,  especially  under  wet  conditions.  A 
soil  mortar  of  this  type  will  not  give  satisfactory 
service  unless  it  contains  a  liberal  percentage  of  sand 
coarser  than  the  No.  60  sieve,  except  in  the  case  of 
cherts. 

MIXING,    DEPOSITING,    AND    CON.SOLIDATION 

The  natural  deposits  of  these  materials,  whether 
surface  or  underground,  are  rarely  of  uniform  composi- 
tion. It  is  most  important  to  secure  fair  uniformity 
before  the  road  surface  is  consolidated. 

1.  Topsoil  deposits  are  usually  thin  surface  layers, 
4  to  10  inches  thick,  and  of  limited  area.  They  are 
loosened  by  plowing  in  one  or  more  layers.  Prefer- 
ably, the  loosened  material  should  be  intimately 
mixed  by  harrowing  before  loading  and  depositing. 
Care  in  plowing  only  to  the  limit  of  good  material  is 
an  obvious  precaution. 

2.  Subsurface  deposits  excavated  from  pits  should 
be  well  mixed  by  repeated  harrowings  after  deposit 
on  the  road  bed. 

3.  Intimate  mixing  is  the  most  profitable  and  at  the 
same  time  the  most  frequently  violated  principle  of 
construction  with  these  types. 

4.  The  loose  material  of  these  surfaces  should  be 
spread  in  one  layer  to  the  full  depth  of  the  surface. 
A  12-inch  loose  depth  with  an  expected  consolidated 
depth  of  8  inches  or  more  is  advised. 

5.  Consolidation  of  the  loose  material  from  the 
bottom  upward  is  most  effective.  At  present,  this  is 
largely  done  by  the  wheels  of  construction  teams  and 
current  traffic.  Freshly  placed  surfacing  which  is 
reduced  to  a  soft  mud  state  by  rain  and  is  thoroughly 
puddled  shows  markedly  greater  strength  than  those 
which  are  packed  with  less  moisture. 

6.  The  packing  process  is  accompanied  by  repeated 
shaping  of  the  surface  with  road  machines  until  the 
finished  cross  section  is  finally  set  up. 

7.  Lumpy  consolidation  in  the  early  stages  should 
be  broken  up  by  scarifying  or  plowing  before  final 
packing  is  permitted. 

8.  Current  vehicle  traffic  need  not  be  detoured. 
Its  presence  is  an  aid  to  consolidation  but  its  passage 
over  the  loose  surface  should  be  guided  and  distributed. 

9.  Clay  subgrades  should  preferably  be  rolled  and 
crowned  before  the  surfacing  is  deposited. 

DEPTH    AND    WIDTH    OF    SURFACE 

1.  The  surface  material  should  extend  from  ditch  to 
ditch.  For  a  30-foot  road  (includes  ditches  2  feet  wide) 
the  main  surface  should  be  18  feet  wide  with  an  average 
depth  of  8  inches  and  with  a  6-inch  depth  covering  the 
two  4-foot  shoulders. 

2.  The  crown  should  be  approximately  one-quarter 
inch  per  foot.     Heavier  crowns  frequently  show  ribs 
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made  by  water  flowing  to  the  side  ditches.  The  light 
ci'own  is  more  easily  smoothed  and  maintained  by  road 
machines  and  drags. 

ST.\BILITY    FACTORS    DISCUSSED 

Reliance  foi-  results  is  placed  upon  the  properties  and 
behavior  of  the  several  classes  of  ingredients  (clay,  silt, 
sand,  coarse  material),  acting  by  virtue  of  mass  and 
internal  bond  developed  from  interlocking  grains  and 
from  the  action  of  capillary  moisture  forces. 

The  functions  of  the  several  ingredients  in  relation 
to  binding  strength  and  resistance  to  traffic  and  weather 
are  conceived  as  follows: 

1.  All  the  ingredients  present  contribute  to  a  certain 
total  of  seating  and  embedment  stability,  and  furnish 
mass  and  weight  resistance  to  traffic  impacts  and  ])res- 
sures. 

2.  The  very  fine  ingredients,  notably  the  clay 
(when  in  other  than  the  liquid  state),  supply  an  addi- 
tional adhesive  and  cohesive  bond  which  varies  with 
the  percentage  of  water  and  the  capillary  structure  of 
the  mass. 

3.  The  coarser  sizes  of  sand  and  the  "coarse  mate- 
rial" furnish  the  main  hardness  and  supporting 
strength,  especially  in  wet  weather.  They  also  give 
the  chief  seating  bond  which  the  finer  sand  and  silt 
and  clay  supplement  by  an  embedment  bond. 

4.  In  a  rough  sense,  the  integrity  of  the  surface, 
during  dry  weather  and  with  low  moisture  conditions, 
is  largely  maintained  by  the  adhesive  influence  of  the 
clay  in  preventing  surface  and  internal  displacement  of 
the  granular  materials. 

5.  This  adhesive  and  cohesive  action  of  the  clay 
continues  through  a  wide  range  of  internal  moisture 
content,  diminishing  with  the  increase  of  the  moisture. 
It  becomes  negligible  if  the  surface  is  very  wet,  or, 
more  accurately,  when  the  clay  reaches  its  lower  liquid 
limit.  Possibly,  the  silt  plays  a  similar  but  less  impor- 
tant part.  As  the  cohesion,  due  to  increasing  moisture 
content  in  the  road  slab,  approaches  zero,  the  stability 
of  the  surface  depends  more  and  more  on  the  mechanical 
bond  of  the  sand,  and  especially  of  the  coarser  sizes. 

6.  The  desirable  composition  of  a  suitably  effective 
Toad  soil  may  be  stated  as  follows: 

(a)  Enough  clay  present  to  cement  the  sand  and 
silt  in  dry  or  low  moistm-e  condition;  but  not  so  much 
clay  that  its  expansion  by  water  will  dislocate  the 
seating  and  embedment  bond  of  the  granular  particles, 
viz,  the  surface   should  maintain  a  constant    volume. 

(b)  A  liberal  amount  of  coarse  sand  grains  to  fur- 
nish an  adequate  seating  or  bearing  bond,  not  mate- 
rially affected  by  water  content. 

(c)  Only  moderate  amounts  of  silt  and  very  fine  sand. 
A  superabundance  of  silt,  very  fine  sand,  and  especially 
of  clay  tend  to  reduce  percolation  after  rains  and  to 
hold  larger  amounts  of  water  in  the  surface  whereby 
the  lower  liquid  limits  of  the  fine  ingredients  are  more 
rapidly  approached,  and  the  stability  of  the  surface 
more  rapidly  weakened. 

7.  When  "coarse  material"  is  present  or  is  added  to 
a  good  soil  mortar  in  appreciable  amount  (10  per  cent 
or  more),  the  hardness  and  durability  of  the  surface  is 
increased,  and  continues  to  increase  until  the  full  gravel 
type  of  surface  is  reached. 

8.  Maintenance  of  a  smooth  surface  and  crown  for 
prompt  removal  of  surface  water  is  obviously  desirable. 
But  regardless  of  this,  rain  water  disappears  with  con- 
siderable rapidity  from  holes  or  depressions  showing 


active  percolation  through  the  surface  and  rapid  evai)o- 
ration.  The  porosity  of  these  surfaces  when  most 
densely  packed  is  not  less  than  20  per  cent.  Thus 
permeability  must  be  considered  in  relation  to  rate  of 
gravity  drainage  and  the  attendant  capillary  retention 
in  the  clay  and  silt.  Class  A  samples  taken  after  long 
periods  of  I'ain  always  show  high  strength  and  no  seri- 
ous internal  softening.  The  condition  shown  in  wet 
weather  is  commonly  a  thin  coat  of  sandy  mud,  non- 
slippery,  one-quarter  to  one-half  inch  deep  on  a  firm 
supporting  surface. 

9.  The  conclusion  to  be  reached  and  its  explanation 
are  as  follows: 

For  class  A  soils:  When  rain  begins,  the  clay  in  the 
surface  layers  expands  and  tends  to  close  the^  surface 
pores  and  make  the  surface  less  pervious.  If  a  smooth 
crown  exists  water  is  largely  discharged  into  the  side 
ditches.  The  expansion  of  the  clay  into  the  sensible 
pores  prevents  dislocation  of  the  coarser  sand  grains. 
Entrained  air  aids  in  moisture  exclusion.  Abrasion  by 
the  traffic  creates  a  thin  layer  of  nonslippery  mud  which 
rebinds  to  the  surface  on  drying  out.  Water  collects  in 
depressions,  and  either  percolates  through  the  surface 
or  evajjorates  from  the  surface.  vSome  weakening  occurs, 
but  owing  to  the  sensible  size  of  the  pores  and  small 
amount  of  clay  it  is  not  serious. 

For  soils  high  in  clay:  In  wet  weather  the  expan- 
sion of  the  clay  loosens  the  mechanical  bond  of  the 
sand  grains.  Absorbed  water  is  retained  by  the  clay 
in  lai-ge  amount.  Layer  by  layer,  the  fine  materials 
approach  their  lower  liquid  limit,  and  the  wheels  of 
traffic  rapidly  cut  the  surface  into  deep  mud.  This 
explains  why  it  is  desirable  for  surface  material  to  extend 
from  ditch  to  ditch,  and  why  clay  subgrades  should  be 
rolled  and  crowned.  Both  requirements  provide  better 
opportunity  for  prompt  removal  of  percolating  water  to 
the  side  ditches. 

10.  It  is  found  that  when  15  per  cent  or  more  "coarse 
material"  is  present  the  allowable  amount  of  clay  in 
the  mortar  may  be  somewhat  increased,  limited  by  a 
maximum  clay  content  of  25  per  cent  of  the  unseparated 
soil  sample  which  includes  the  coarse  material. 

LOSS    OF    SURFACE    MATERIAL    UNDER    TRAFFIC 

Loss  of  material  from  soil  surfaces  is  affected  by 
several  variable  factors.  The  most  important  are  ma- 
chining, dragging,  and  scarifying  the  surface,  when 
concurrent  with  high  winds  or  washing  rains. 

1.  The  loss  of  surface  depth  is  progressive  but  not 
at  a  imiform  annual  rate. 

2.  The  loss  is  not  consistently  related  to  the  volume 
of  traffic. 

3.  Surfaces  with  15  per  cent  or  more  of  "coarse  ma- 
terial" resist  depth  losses  much  better  than  surfaces 
with  little  or  no  "coarse  material." 

4.  The  observed  data  indicates  that  in  general  the 
annual  loss  of  thickness  will  be  between  one-half  inch 
and  1  inch  under  a  traffic  of  400  to  GOO  vehicles  per  day. 

5.  When  surfaces  are  reduced  to  a  depth  of  2  inches 
or  less,  their  behavior  is  directly  influenced  by  the 
nature  of  the  subsoil.  Apparently,  thin  surfaces  on 
subsoils  high  in  clay  content  will  cut  through  more 
easily  in  wet  weather  than  those  on  sandy  loam  sub- 
soils"; but  not  much  dift'erence  is  noted  between  thin 
surfaces  on  clay  and  those  on  very  fine  sand  subsoil. 
The  integrity  of  tlu^  surface  is  rapidly  destroyed  in 
both  cases  with  the  production  of  mud  on  clay  subsoil 
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during  rains,  and  loose  sand  pockets  and  wheel  ruts  in 
dry  weather  on  the  fine  sandy  subsoih 

6.  In  general,  when  surfaces  are  worn  to  less  than  3 
inches  it  is  wise  to  scarify  and  rebuild  them  to  an  8-inch 
compacted  depth. 

LIMITS    OF    ACCEPTABILITY 

1.  This  type  of  road  surface  is  best  adapted  to  light 
or  moderate  traffic  densities  which  this  research  data 
places  at  400  to  600  vehicles  per  day  according  to  com- 
position of  the  surface  and  to  the  provision  for  constant 
patrol  maintenance.  Adequate  equipment  for  an  intel- 
ligent execution  of  maintenance  work  has  much  to  do 
with  both  the  quality  of  service  rendered  and  the  effi- 
cient life  of  such  roads. 

2.  The  expectancy  shown  by  Table  5  and  other  re- 
search results  is  an  effective  life  of  6  to  8  years  under 
400  to  600  vehicles  daily,  with  a  quality  of  service  of  75 
per  cent,  an  annual  distributed  cost  per  mile  of  $500, 
and  an  operating  index  of  $1  per  daily  vehicle  per  mile 
per  year. 

ROAD  SOIL  SURFACES  AS  SUBGRADES  FOR  PAVED  ROADS 

As  subgrades  under  pavements  these  surfaces  have 
the  following  merits : 

1.  A  well-established  initial  supporting  value  which 
is  quite  uniform. 

2.  A  structure  which  is  not  easily  softened  by  water 
or  conducive  to  capillary  rise  of  moisture  from  the  sub- 
soil below. 

3.  Not  liable  to  damage  from  expansion  under  frost 
under  the  clunatic  conditions  found  in  Georgia.  Cases 
have  been  observed  in  winter  where  a  firm,  dry  road 
soil  surface  was  flanked  by  clay  shoulders  on  which 
hoar  frost  stood  several  inches  in  height. 

ECONOMIC    ASPECTS 

1.  Road  soils  such  as  semigravel,  top  soil,  natural 
sand-clay,  artificial  sand-clay  mixtures,  iron-silica 
pebble  deposits  and  cherts  are  available  over  large 
areas  of  the  State.  Their  normal  cost  at  present 
contract  prices  may  be  estimated  within  limits  of 
$1,800  to  $2,500  per  mile  for  a  26-foot  surface,  averaging 
7^2  inches  compacted  depth  and  requiring  3,400  cubic 
yards  of  loose  material  per  mile. 

2.  The  normal  life  expectancy  of  such  surfaces  with 
a  traffic  of  400  to  600  vehicles  per  day  may  be  taken  at 
6  to  8  years  before  replacement. 

3.  The  normal  provision  for  maintenance  should  be 
at  least  $200  per  mile  per  year. 


4.  The  annual  interest  charges  at  5  per  cent  will  be 
$90  to  $125  per  mile  for  the  initial  cost  limits  suggested 
to  be  amortized  as  depreciation  occurs. 

5.  A  satisfactory  annual  distributed  cost  per  mile 
range  is  from  $450  to  $650  per  mile  per  year  with  a 
corresponding  operating  index  close  to  $1  per  year 
when  a  traffic  density  of  400  to  600  vehicles  per  day  is 
reached.  This  gives  a  highly  satisfactory  service  qual- 
ity expressed  as  75  to  80  per  cent. 

6.  Traffic  above  800  vehicles  per  day  increases  the 
maintenance  cost  and  lowers  the  life  expectancy  to  a 
marked  extent  except  with  semigravel  surfaces  contain- 
ing more  than25  per  cent  of  "coarse  material." 

7.  The  data  secured  by  the  5-year  study  of  road 
soil  surfaces  is  deemed  sufficient  to  establish  the  eco- 
nomic basis  suggested  for  these  types. 

ATTAINMENT    OF    BETTER    RESULTS 

Despite  the  many  "  variables  involved,  knowledge 
and  methods  now  available  enable  the  engineer  to 
secure  very  substantial  road  service  from  these  road 
soil  surfaces  at  a  remarkably  low  cost.  There  is,  how- 
ever, the  possibility  of  further  improvement.  Better 
results  in  service  and  durability  can  be  reached  mainly 
along  the  following  lines: 

1.  Greater  care  in  construction  with  regard  to  the 
details  which  affect  uniformity  of  composition  and  inti- 
mate mixing  before  consolidation. 

2.  Improved  types  of  machines  for  quickly  and  more 
uniformly  packing  the  loose  material  from  the  bottom 
upward. 

3.  The  abundant  use  of  water  during  the  consolida- 
tion stage,  either  by  taking  advantage  of  rains  and 
scarifying  or  puddling  the  surface  before  its  final 
consolidation  is  permitted,  or  by  the  most  liberal  use 
of  sprinkling  carts  which  circumstance  and  finances 
permit. 

4.  A  more  intelligent  appreciation  and  specific  knowl- 
edge on  the  part  of  both  engineers  and  contractors  of 
the  possibilities  attainable. 

SUGGESTIONS    FOR    FURTHER    RESEARCH 

A  prerequisite  for  substantial  improvement  in 
results  with  road  soils  is  a  more  definite  knowledge  of 
the  quality  of  the  clay  ingredients.  As  a  result  of  the 
Terzaghi  experiments  the  way  has  been  opened  to 
attain  such  knowledge.  It  will  require  patience, 
special  apparatus,  and  specially  trained  men,  but  the 
effort  will  be  fully  repaid  in  applying  such  knowledge 
on  the  immense  mileage  of  the  low-traffic  public  roads 
yet  to  be  improved. 
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BITUMINOUS  SURFACE  TREATMENT  EXPERIMENTS  IN 
DEPARTMENT  OF  AGRICULTURE  GROUNDS 


Reported  by  J.  T.  PAULS,  Senior  Highway  Engineer,  and  PAUL  F.  CRITZ,  Associate  Highway  Engineer,  Division  of  Tests 


A  STUDY  of  the  experimental  bituminous  roads  in 
the  grounds  of  the  Ignited  States  Department 
of  Agriculture,  at  Washington,  which  have  been 
maintained  uninterruptedly  for  16  years,  and  on 
which  a  careful  record  of  cost  and  service  behavior 
has  been  kept,  provides  interesting  information  on  the 
bituminous  surface  treatment  of  plain  and  penetration 
macadams. 

EARLY  HISTORY  OF  EXPERrMENTAL  SECTIONS  DISCUSSED 

Before  discussing  the  experiments  it  will  be  of 
interest  to  give  some  of  the  early  history  of  the  roads 
on  which  these  experiments  were  built.  Records 
available  indicate  that  they  were  constructed  during 
1870  and  1871  with  funds  appropriated  by  Congress. 
The  first  of  these  appropriations  was  made  in  July, 
1868,  and  in  1871,  $6,000  was  authorized  "for  mate- 
rials to  complete  the  roads  and  sidewalks." 


Figure  1. — Location  of  Experimental  Sections 

Very  little  information  is  available  as  to  the  methods 
used  on  this  early  constr^iction.  However,  a  recent 
examination  of  the  road  structure  shows  it  to  have  been 
built  of  several  layers  of  different  kinds  of  materials. 
In  practically  all  cases  the  bottom  layer  consisted  of 
conglomerate  material  such  as  cinders,  oyster  shells, 
brickbats,  and  sand  mortar.  In  the  foundation  of  the 
southern  portion  of  section  1,  "one-man"  sandstone 
was  found,  similar  to  the  material  used  in  building  a 
stone  wall  directly  in  front  of  the  administration 
building  of  the  department.  As  the  topography  of 
the  section  is  such  that  natural  drainage  is  good,  it  is 
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believed  that  the  sandstone  found  there  was  waste 
from  the  construction  of  the  terrace  wall  which  was 
built  in  1870  and  indicates  that  this  section  was  most 
likely  built  during  the  same  year. 

Overlying  the  conglomerate  material,  a  wearing  sur- 
face of  pit-run  gravel  was  found  and,  above  this,  a 
water-bound  trap  macadam  surface.  Indications  are 
that  the  gi'avel  was  placed  at  the  time  of  the  original 
base  construction  and  was  maintained  as  the  surfacing 
material  until  1900  when  the  trap  macadam  was 
built. 

The  behavior  of  the  macadam  was  characteristic  of 
this  type  of  construction  in  that  it  raveled  badly  and 
was  extremely  dusty.  The  imijortance  of  dust  pre- 
vention and  road  preservation  was  generally  recog- 
nized at  this  time,  and  led  the  bureau  to  select  these 
roads  for  experiments  in  studying  this  subject. 

These  experiments  were  carried  on  from  1907  to 
1912,  using  calcium  chloride,  crude  and  waste  sul- 
phite liquors,  asphaltic  oil  emulsions,  and  a  molasses- 
lime  mixture  as  dust  layers.  These  early  experiments 
were  reported  a  number  of  years  ago'  and  will  not  be 
mentioned  further  in  this  report,  which  covers  only 
the  bituminous  surface  treatment  experiments  con- 
ducted subsequent  to  1912. 

SURFACE  TREATMENT  EXPERIMENTS  PLANNED  USING  TARS   AND 
ASPHALTIC  OILS 

The  later  experiments  were  designed  for  the  pur- 
pose of  studying  the  behavior  of  cold-application  tars 
and  asphaltic  oils  of  the  types  suitable  for  surface  treat- 
ing water-bound  and  penetration  macadams.  In  gen- 
eral, the  type  of  each  section  as  well  as  the  materials 
used  in  the  subsequent  maintenance  treatments  have 
remained  unchanged.  In  a  few  instances,  however, 
hot-application  materials  have  been  used  in  mainte- 
nance treatments  instead  of  the  lighter  material  used  in 
the  original  construction.  It  also  became  necessary 
to  reconstruct  section  3  (fig.  2)  as  a  penetration  mac- 
adam. All  of  the  sections  have  been  maintained  con- 
tinuously since  their  construction  and  a  record  of  their 
maintenance  cost  and  behavior  is  given  in  this  report. 

Several  of  the  more  important  roads  traversing  the 
grounds  of  the  department  and  located  as  shown  in 
Figure  1,  were  selected  for  treatment.^  They  were  16 
feet  wide  and  had  been  resurfaced  with  limestone 
macadam  in  the  fall  of  1911.  In  June,  1912,  prior  to 
applying  the  bituminous  treatments  they  were  treated 
with  a  molasses-lime  mixture  similar  to  that  used  on 
the  Bradley  Lane,  Chevy  Chase,  Md.,  experiment  in 
1911.  This  treatment  was  followed  by  heavy  rains 
covering  a  period  of  10  days  during  which  the  mixture 
was  entirely  washed  off  and  the  surface  soon  became 
dusty.     Although  subjected  to  only  a  moderate  traffic 

1  Reported  in  Office  of  Public  Roads  Circulars  89,  90,  92,  94,  and  98.  These  publi- 
cations are  no  longer  available  for  distribution  but  may  be  found  in  many  libraries. 

2  Descriptions  of  the  oricinal  treatment  together  with  the  early  behavior  of  the 
sections  are  included  in  Circular  99,  Office  of  Public  Roads,  and  Bulletins  105,  257, 
407,  586  and  Circular  77,  U.  S.  Department  of  Agriculture.  Only  those  publications 
listed  on  h.ick  cover  page  are  now  available  for  distribution. 
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of  light  delivery  wagons,  carriages,  and  automobiles, 
the  surface  had  worn  perceptibly  during  the  few  months 
intervening  between  the  molasses-lime  treatment  and 
the  bituminous  treatments  and  the  repair  of  numerous 
depressions  was  necessary  before  the  latter  treatments 
were  applied. 

In  all  cases  the  road  siirface  was  thoroughly  cleaned, 
holes  and  depressions  picked  out  to  a  depth  of  2}^  to  3 
inches  and  filled  with  new  stone  and  screenings  which 
were  hand  tamped  into  place  with  sufficient  water  to 
bind  the  patch. 

The  bituminous  materials  w^ere  applied  by  means  of 
a  horse-drawn  pressure  distributor,  and  as  the  work 
was  done  in  cold  weather  they  required  a  slight  amount 
of  heating  which  would  not  have  been  necessary  earlier 
in  the  season.  The  application  was  covered  with 
screened  and  washed  river  gravel.  Two  grades  were 
used,  the  mechanical  analyses  of  which  are  given  in 
Table  1.  Tables  2  and  3  give  the  characteristics  of 
the  various  bituminous  materials  used. 

SECTION  1.    REFINED  WATER-GAS  TAR  PREPARATION 

This  section  parallels  Fourteenth  Street  and  inter- 
sects sections  2  and  8  on  the  north  and  south,  respec- 
tively, and  is  766  feet  long.  Tar  was  applied  at  the 
rate  of  0.43  gallon  per  squareyard  in  asingle  application. 
The  distribution  was  somewhat  uneven,  and  it  was 
thought  best  to  defer  spreading  the  gravel  for  a  day  to 
allow  the  tar  to  penetrate  better  and  to  be  broomed 
more  evenly  when  the  sun  had  rendered  it  fluid.  A 
heavy  rain  came  on  and  the  accompanying  wind 
brought  down  large  quantities  of  leaves  wliich  adhered 
to  the  sticky  surface.  After  two  days  these  were 
removed  as  much  as  was  possible  by  raking  and  the 
gravel  was  spread,  although  the  surface  still  held  some 
small  pools  of  water.  Most  of  the  gravel  for  the  north 
half  of  the  section  was  dried  before  spreading,  but  when 
rain  came  on  again  drying  was  discontinued. 


Table  1. 


-Mechanical  analyses  of  gravels  used  in  original  surface 
treatments,  1912 


Retained  on  M-inch  screen. 
Retained  on  M-inch  screen. 
Retained  on  3^-inch  screen. 
Retained  on  lO-mesh  screen 
Passing  10-mesh  screen 

Total 


Section  1 


100.0 


Sections 
2, 3,  and  4 


Per  cent 

Per  cent 

16.0 

2.2 

67.0 

56.2 

16.0 

27,8 

.6 

4.2 

.4 

9.6 

100.0 


Table  2.— Analysis   of  refined   water-gas  tar '   used  in    original 
treatrnent  of  section  1,  1912 

Specific  gravity,  25°  C./25°  C 1.  126 

Specific  viscosity,  Engler,  50  c.  c.  at  50°  C 29.  8 

Free  carbon,  per  cent 2.  43 

Distillation,  per  cent,  by  weight: 

Water 0.  0 

110°  C.  (clear) 0.  5 

110°  to  170°  C.  (turbid) 1.  6 

170°  to  270°  C.  (slightly  turbid) 18.  8 

270°  to  315°  C.  (clear) 2  13.  1 

Pitch  residue 65.  9 

Total 99.  9 

'  Rather  viscous,  sticky  fluid. 

2  Showed  7.5  per  cent  insoluble  in  dimethyl  sulphate.  A  315°  to  350°  C.  fraction 
showed  10  per  cent  and  a  3.50°  to  375°  C.  fraction  showed  7.5  per  cent  insoluble  in 
dimethyl  sulphate.    The  material  therefore  contains  a  small  percentage  of  oil  asphalt. 


Table  3. — Analyses  of  asphaltic  materials  used  in  the  original 
treatment  of  sections  2,  3,  and  4  in  1912 


Specific  gravity,  2.5°  C./25°  C 

Flash  point,  °C 

Burning  point,  °C.. 

Specific  viscosity,  Engler,  50  c.  c.  at  25°  C 

Specific  viscosity,  Engler,  100  c.  c.  at  25°  C 

Specific  vi-scosity,  Engler,  50  c.  c.  at  50°  G _ 

Loss  at  163°  C per  cent.. 

Float  test  on  residue  at  50°  C seconds.. 

Bitumen  soluble  in  CSs. per  cent.. 

Organic  matter,  insoluble. do 

Inorganic  matter,  insoluble do 

Bitumen  insoluble  in  86°  B.  naphtha do 

Fixed  carbon do 


Type  of  material 


Section  2 
Asphaltic 
petro- 
leum ' 


0.947 
32 


28.06 
3  105 


.08 
.04 


4.84 


Section  3: 
Residual 
petro- 
leum ! 


0.947 

167 
198 


43 

7.31 

99.92 
.05 
.03 
.65 
1.47 


Section  4: 
Asphaltic 
petro- 
leum ' 


0.926 
27 
46 


4L5 


25.83 
5  71 

99.97 
.03 
.00 

12.59 
7.23 


'  Thin  fluid  with  strong  naphtha  odor. 

2  Slightly  sticky  fluid,  semiasphaltic. 

3  Soft  with  slight  flow. 


*  Too  soft  for  float  test. 
»  Slightly  sticky. 


The  coarser  gravel  was  used  on  this  section  except 
for  a  small  area  on  the  south  end  where  the  finer  grade 
was  used.  Approximately  27  pounds  of  gravel  per 
square  yard  were  spread.  After  rolling,  the  section  was 
opened  to  traffic. 

SECTION  2.    ASPHALTIC    PETROLEUM 

Section  2  connects  Thirteenth  and  Fourteenth  Streets 
and  is  635  feet  long.  The  asphaltic  petroleum  was 
applied  at  the  rate  of  0.41  gallon  per  square  yard  and 
immediately  covered  with  a  very  thin  laj^er  of  fine 
gravel.  However,  more  gravel  was  put  on  during  the 
next  few  days  and  the  total  amount  applied  was  approx- 
imately 27  pounds  per  square  yard.  In  this  section, 
as  on  the  others,  the  gravel  was  wet  when  applied. 
The  surface  was  rolled  before  opening  to  traffic. 

SECTION  3.    RESIDUAL    PETROLEUM 

Section  3  is  an  extension  of  section  2  and  connects 
Twelfth  and  Thirteenth  Streets  and  is  397  feet  long. 
The  residual  petroleum  was  applied  at  the  rate  of  0.42 
gallon  per  square  yard  and  was  immediately  covered 
with  fine  gravel  at  the  rate  of  27  pounds  per  square 
yard.  The  surface  was  then  rolled  and  opened  to 
traffic.  After  a  few  days  the  oil  began  to  bleed  and 
when  the  nights  became  cold  produced  a  sticky  sur- 
face which  resulted  in  small  strips  being  picked  up 
by  automobile  tires.  As  a  remedy  for  this  condition 
light  applications  of  sand  were  made  on  three  separate 
occasions. 

SECTION  1.    ASPHALTIC  PETROLEUM 

This  section,  which  parallels  Twelfth  Street,  extends 
south  from  the  east  end  of  section  3  and  including  the 
two  arms  at  the  north  end  is  743  feet  in  length. 

The  asphaltic  petroleum  was  applied  at  the  rate  of 
0.27  gallon  per  square  yard,  which  was  as  much  as  the 
road  surface  would  retain  owing  to  the  low  viscosity 
of  the  material.  A  few  hours  later  fine  gravel  was 
applied  at  the  rate  of  27  pounds  per  square  yard.  The 
surface  was  then  rolled  and  the  section  opened  to 
traffic. 

BEHAVIOR  OF  SECTIONS  UNDER  REGULAR  MAINTENANCE 
OBSERVED 

One  year  after  construction,  section  1  was  in  the  best 
condition  of  the  group  and  had  required  no  mainte- 
nance. It  had  a  mosaic  surface,  which  was  smooth, 
hard,  and  well  bonded. 


October,  1929 


PUBLIC    ROADS 


139 


The  surface  of  section  2  showed  some  tendency  to 
develop  shght  waves,  especially  along  the  south  edge. 
Several  worn  depressions  in  the  middle  of  the  road  had 
developed  during  the  previous  winter  due,  apparently, 
to  poor  bond  between  the  macadam  and  the  surface 
mat.  It  was  believed  that  the  section  would  be 
materially  benefited  by  a  light  surface  treatment,  which 
was  given  later  in  the  summer. 

Shortly  after  the  original  treatment,  section  3  showed 
a  tendency  to  become  muddy  in  wet  weather  and  after 
periods  of  continued  rain  the  siu'face  was  covered  with 
a  deep  oily  mud  which  gradually  worked  into  ridges 
along  the  edges  of  the  road.  Figure  2  illustrates  the 
condition  of  the  surface  during  dry  and  rainy  periods. 


By  the  summer  of  1914  all  of  the  sections  showed 
considerable  wear.  The  surface  mat  on  section  1  had 
become  somewhat  brittle,  especially  along  the  sides  of 
the  road,  although  it  was  still  generally  unbroken. 
Several  holes  had  developed  on  section  2  but  the  surface 
was  otherwise  in  excellent  condition.  The  mat  had 
largely  worn  off  of  section  3  and  several  small  holes 
had  developed.  Although  section  4  was  smooth  and 
well  bonded,  some  of  the  large  stone  in  the  underlying 
macadam  were  exposed.  The  section,  however,  re- 
quired no  repairs  except  for  a  small  area  on  the  curved 
portion  near  Twelfth  Street. 

Preceding  the  retreatment  given  all  the  sections  later 
in  the  summer  the  holes  were  repaired  with  water-bound 


Figure  2. 


-Appe.\r.\xce  of  Section  3  (1912-1915)  in  Dry  asb  VV  et  VVe.ather. 
OF  Section  4  on  the  Right  During  Wet  Weather 


Note  Stable  C_'(1N'dition 


By  the  early  summer  of  1913  the  surface  of  the  under- 
lying macadam  was  exposed  throughout  the  traveled 
area  and  the  section  was  given  a  retreatment  in  July. 

Section  4  gave  excellent  service  in  both  wet  and 
dry  weather,  but  due  to  the  light  treatment  originally 
applied  the  surface  mat  wore  off,  exposing  the  macadam 
in  some  areas.  The  surface  mat  was  strengthened 
with  a  retreatment,  given  at  the  same  time  that  sec- 
tions 2  and  3  were  retreated. 

Before  applying  these  treatments  in  1913,  the  sur- 
faces were  swept.  Such  depressions  as  had  developed 
were  filled  with  limestone  and  screenings  and  all  humps 
were  removed.  The  treatment  consisted  of  applying 
to  the  central  portion  of  the  roadway  0.10  gallon  per 
square  yard  of  the  same  bituminous  materials  as  were 
used  originally.  Application  was  made  by  pouring  the 
bituminous  material  on  the  road  surface  and  spreading 
it  with  hand  brooms.  Torpedo  sand  was  used  as  the 
covering  material. 


macadam  and  the  surface  swept  with  hand  brooms. 
The  same  types  of  bituminous  materials  and  cover  as 
used  in  the  original  treatment  were  then  applied. 

During  the  following  summer  (1915)  all  of  the  sec- 
tions, except  No.  1,  recpiired  a  treatment.  Section  1 
was  in  excellent  condition  requiring  neither  repairs  nor 
retreatment.  Section  2  had  raveled  in  some  areas  to  a 
depth  of  2  inches  or  more.  The  mat  had  worn  unevenly 
and  over  a  considerable  portion  of  the  section  was 
entirely  gone.  The  surface  was  repaired  with  penetra- 
tion patches  in  which  an  oil  asphalt  and  limestone  were 
used  and  top-dressed  with  trap  chips.  The  section 
was  then  lightly  retreated  with  the  materials  originally 
used. 

Section  3  had  been  persistently  muddy  during  the 
preceding  winter  and  spring  as  shown  in  Figure  2. 
The  oily  mud  had  been  forced  aside  from  the  wheel 
tracks  so  that  many  bare  places  and  depressions  existed. 
One  rut  about  1%  inches  deep  and  8  to  10  inches  wide 
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had  developed  along  the  north  edge  for  some  75  or 
80  feet  near  the  west  end.  The  section  was  patched  in 
the  same  manner  as  section  2  and  then  retreated. 
Asphaltic  petroleum  of  the  same  kind  as  used  on  sec- 
tion 4  was  used  in  the  retreatment  to  avoid,  if  possible, 
the  winter  and  wet  weather  failure  of  the  section. 

Section  4  was  in  fairly  good  condition  and  had  re- 
quired no  repairs  but  was  given  a  retreatment  to  enliven 
the  surface  mat.  The  treatment  given  was  the  same 
as  that  originally  applied. 

All  the  sections  were  again  retreated  in  the  fall  of 
1916  using  the  same  materials  that  were  used  the 
preceding  year.  During  the  summer  of  1916  section  1 
was  subjected  to  much  heavier  steel-tired  traffic  than 
ever  before  owing  to  construction  operations  on  the 
department  grounds.  By  October  the  surface  mat 
had  become  so  thin  that  it  was  thought  best  to  make 
some  slight  repairs  and  apply  a  retreatment. 

At  the  same  time  section  2,  although  not  subjected 
to  the  increased  heavy  steel-tired  traffic,  showed  a 
greater  degree  of  failure  than  ever  before.  With  the 
exception  of  the  central  100  feet,  the  section  was 
spotted  with  small  potholes  from  1  to  IK  inches  deep, 
but  its  surface  was  otherwise  unbroken.  It  required 
considerable  patching  before  the  treatment  was  applied. 
Sections  3  and  4  were  also  repaired  prior  to  retreating. 

During  1917  the  repairs  required  on  sections  1  and  4 
were  very  light  but  the  maintenance  on  section  2  was 


fairly  heavy.  Section  3,  which  had  continued  the  least 
satisfactory,  was  resurfaced  with  3  inches  of  penetration 
macadam  using  %-inch  to  1%-inch  gravel  and  oil  asphalt. 

Since  1917  section  1  has  recjuired  only  moderate 
maintenance.  During  this  period  three  light  surface 
treatments  have  been  applied,  using  in  each  case  the 
same  grade  of  tar  as  originally,  with  a  covering  of 
torpedo  sand. 

The  maintenance  on  section  2  since  1917  has  con- 
tinued quite  heavy.  Retreatments  were  applied  in 
1918,  1923,  and  1925.  Previous  to  the  treatment  in 
1918,  the  surface  was  scarified,  reshaped,  and  recom- 
pacted  to  elimmate  the  rich,  unstable  surface  mat 
formed  by  the  building  up  of  the  previous  surface  treat- 
ments. In  the  treatments  applied  in  1918  and  1925  a 
material  heavier  than  that  used  previously  was  applied 
hot  and  covered  with  Jo-inch  stone  chips.  In  1923  a 
cut-back  asphalt  was  applied  cold  and  covered  with 
torpedo  sand.  Up  to  the  past  year  a  considerable  por- 
tion of  the  maintenance  has  been  the  repairing  of  the 
edges  which  have  suffered  severely  because  of  the  lack 
of  pavement  width  for  the  volume  of  traffic.  The 
extensive  repairs  thus  made  have  resulted  in  a  gradual 
widening  of  the  traveled  area  with  a  corresponding 
decrease  in  edge  failure. 

Section  3,  since  its  resurfacing  as  a  penetration 
macadam  in  1917,  has  remained  in  excellent  condition. 
Except  for  a  surface  treatment  applied  in   1923,  the 


Table  4. — Cost  and  description  of  experiments 


Original  construction 

Annual  cost  of  maintenance  and  surface  treatments  in  cents  per  square  yard 

Sec- 
tion 

Type  of  surface  and  liitumiiious  material 

Amount  of  bitumi- 
nous material 
(gals,  per  square 
yard) 

>, 

3 
C3  ^ 

3  a 

CO 

1913 

1914 

1915 

1916 

1917 

1918 

1919 

1920 

a 

a 

8 

a 
o 
a 

a 
'3 

a 

a 

1 

g 
a 

c 
'5 

a 

a 

"3 

s 

a 

03 
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a 
'5 

a 

a 

2 

8 

a 

0) 

□ 
S 
a 

a 
1 

§ 
g 

a 

a 
■3 

a 

a 

£ 

8 

a 
a 

c 
« 

a 
■« 

a 

a 

i 

c 

a 

'S 

□ 

1 
cs 
at 

a 

C3 

3 

3 

•3 

1 

Surface  treatment  on  trap  macadam  us- 
ing a  refined  water-gas  tar  (cold). . 

0.43 
.41 
.42 

7.00 

7.57 

8.94 

2  240. 13 
5.67 

95.75 

4.  0 ) 
3.33 
4.02 

4.78 
4.42 
4.64 

0.35 
2.93 

(') 

4.93 

.57 

17.78 

0.94 
3.17 

7.54 

0.63 
1.82 

2 
3 
3 

4 

8 

Same  as  section  1,  using  an  asphaltic  pe- 
troleum (cold) 

1.89 
2  92 

0.44 

0.19 
.20 

3.05 
4.98 

1.55 
1.82 

0.85 

Same  as  section  1,  using  a  residual  petro- 

(') 

Penetration  macadam  with  oil  asphalt 
(hot)       

Tei" 

9.72 
.94 

"6.73" 

2.60 

1.31 

Same  as  section  2 

.27 
2.45 

1.56 

.52 

3.26 

.12 

3.26 

4.64 

Penetration  macadam  on  old  "sheet" 
base  using  hot  tar  * 

1 

1 

I 

1 

Original  construction 

Annual  cost  of  maintenance  and  surface  treatments  in  cents  per  square  yard— Continued 

n  S 
03  3 

3  CT 
a  en 

.ss 

go. 

0  3 
*j  ® 

^"3  03 
0  0  >> 

3°- 

Sec- 
tion 

Type  of  surface  and  bitumi- 
nous material 

Ill           1^ 
2  i;  S          St? 

1921 

1922 

1923 

1924 

1925 

1926 

1927 

1928 

a| 
■3S 

"  a  >, 
|si 

S  3  3 

»  a  c 

>  3  w 
< 

Amount  of  bi 
nous  mat 
(galls,  per  s 
yard) 
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3 
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a 

03 
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'3 

<D 
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1 

§ 
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'3 
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1 
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c 

3 

a 
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0 
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3 

'3 
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3 
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£ 

8 

3 
08 
3 
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3 

■3 

1 

Surface   treatment    on    trap 
macadam  using  a  refined 
water-gas  tar  (cold) 

0.43 
.41 
.42 

7.00 

7.57 

8.94 

2  240.  13 
5.67 

95.75 

— - 

3.33 
5.26 

4.38 
4.84 

5.82 
8.01 

3.92 
17.00 

6.73 

1.68 
15.63 

3.10 
6.83 

47.26 

146.  73 

18.58 

40.  85 
39.86 

14.73 

2.95 

2 
3 

Same  as  section  1,  using  an 
asphaltic  petroleum  (cold).. 

Same  as  section  1,  using  a  re- 
sidual petroleum  (cold) 

Penetration   macadam  with 
oil  asphalt  (hot) 

.... 

11.93 

14.  45 

8.26 

—  - 

13.10 

.... 

9.17 
4.65 

2 

-— 

2.47 
1.05 

6.94 

3.21 
2.99 

1.28 

8.47 
3  7.08 

2.07 
2.20 

1,19 

2.00 
1.33 

—  - 

3.24 
.35 

2.11 



.83 

3.40 

4 

Same  as  section  2 

.27 
2.45 

2.49 

8 

Penetration  macadam  on  old 
' '  sheet "  base  using  hot  tar  ' . 

.... 

3.21 

1.84 

1  Rebuilt  as  penetration  macadam  in  1917. 

'  Cost  abnormal  due  to  war  prices  on  materials  and  labor. 

'  On  a  portion  of  the  section  only.    Cost  calculated  on  total  area  of  section,  1.73  cents  per  square  yard. 

<  Constructed  in  1921. 
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maintenance  has  consisted  almost  entirely  in  repairing 
the  edges  as  in  section  2. 

Section  4,  also,  has  remained  in  excellent  condition 
since  1917  and  has  received  three  light  surface  treat- 
ments which  were  applied  in  1918,  1919,  and  1923. 
Although  it  does  not  carry  as  large  a  volume  of  traffic 
as  do  sections  2  and  3,  a  considerable  portion  of  the 
maintenance  required  has  been  the  repair  of  the  edges. 

The  cost  of  maintaining  the  sections  to  date  is  given 
in  Table  4  and  Table  5  shows  the  character  and  quan- 
tity of  the  materials  used  in  construction  and  in  the 
subsequent  surface  treatments. 

SECTION  8  RECONSTRUCTED  AS  A  PENETRATION   MACADAM 

Section  8  of  the  department  grounds  experiments  is 
of  special  interest  because  of  the  nature  of  its  construc- 
tion. This  section,  which  extends  from  Fourteenth 
Street  almost  to  the  front  of  the  main  building  was, 
previous  to  1920,  a  tar  sheet  pavement  on  a  tar-binder 
course  which  had  been  laid  on  a  pit-run  gravel  base. 
The  surface  had  deteriorated  to  such  an  extent  that  the 
only  remedy  was  reconstruction. 

It  was  thought  desirable  to  remove  the  old  road 
structure  and  replace  it  with  a  new  penetration  mac- 


adam, but  sufficient  funds  were  not  available  and  this  plan 
was  abandoned.  It  was  decided  to  lay  a  penetration 
macadam  surface  upon  {\w  old  pavement  as  a  base. 

The  old  surface  was  brought  to  a  true  and  imiform 
grade  by  patching  with  a  tar  and  stone  mix  after  which 
a  paint  coat  of  a  light  tar  was  applied  at  a  rate  of  0.34 
gallon  per  square  yard.  Good  quality,  crushed  granite, 
1%  inches  to  three-fourths  inch  in  size  was  then  spread 
to  a  depth  suflicient  to  give  1}^  inches  when  compacted, 
and  thoroughly  rolled.  Hot  refined  tar  was  then 
ai:)plied  at  the  rate  of  1%  gallons  per  square  yard,  fol- 
lowed by  K-inch  to  ),4-ineh  stone  chips  in  suflicient  quan- 
tity to  key  the  sui'face  which  was  then  rolled.  The 
seal  coat  consisted  of  an  application  of  one-fourth 
gallon  per  square  yard  of  the  same  tar  and  a  light 
cover  of  stone  chips.  Rolling  of  the  surface  completed 
the  operation.  The  anaylsis  of  the  tar  used  is  given 
in  Table  6. 

Since  construction  the  section  has  remained  in  excel- 
lent condition,  rcciuiring  very  light  maintenance  and 
only  one  light  surface  treatment  of  asphaltic  petroleum 
and  torpedo  sand. 

The  construction  and  maintenance  cost  of  the  sec- 
tion are  given  in  Table  4. 


Table  5. — Quantities  and  types  of  bituminous  materials  used  in  construction  and  retreahnent 


Original  construction 

Sec- 
tion 

Type  of  construction 
and  materials  used 

Material 

Bitu- 
men 

li  ravel 

1913 

1914 

191.5 

1916                              1917 

1918 

Surface   treatment    on 
trap  macadam  using 
refined  water-gas  tar 
(cold)      and     gravel 
(cold). 

Surface   treatment    on 
trap  macadam  using 
an    asphaltic    petro- 
leum(cold)and  gravel. 

Surface   treatment    on 
trap  macadam  using 
a  resiiluid  lelroleum 
(cold)  anil  gravel. 

Same  as  .section  2. 

Gals. 
0.43 

.41 
.42 
.27 

Pounds 
27 

27 
27 
27 

0.18  gallon  refined 
water-gas  tar.' 

0.14  gallon  asphal- 
tic petroleum.' 

0.18  gallon  residual 
petroleum.' 

0.15  gallon  asphal- 
tic petroleum.' 

0.14  gallon  refined 
water-gas  tar.' 

0.15  gallon  asphal- 
tic petroleum.' 

0.11  gallon  asphal- 
tic petroleum. 

do  ' 

2 
3 
4 

0.10  gallon  asphal- 
tic petroleum  on 
central    portion 
of  road  only.' 

0.10  gallon  residual 

petroleum      on 

central    portion 

of  road  only.' 

do.i -... 

0.05  gallon  asphal- 
tic petroleum.' 

0.23  gallons  asplial- 
tic  petroleum.' 

0.15  gallon  asphal- 
tic petroleum.' 

Penetration     ma- 
cadam    surface 
constructed   us- 
ing oil  asphalt. 

0.28  gallon  hot  as- 
phaltic oil. 2 

0.13  gallon  asphal- 

tic petroleum.' 

Original  construction 

-«    ^...^A 1    f,.,-.n    «f 

.^n,.t«..:..l    ,^^a,^    in    rot  i-no  f  Miori  f  o      TOO  re 

Sec- 
tion 

Type  of  construction 
and  materials  used 

Material 

Bitu- 
men 

Gravel 

1919 

1920 

1922 

1923 

1925 

1926 

1 
2 

Surface   treatment    on 
trap  macadam  using 
refined  water-gas  tar 
(cold)     and     gravel 
(cold). 

Surface    treatment    on 
trap  macadam  using 
an    asphaltic    petro- 
leum (cold)  and  gravel. 

Surface    treatment    on 
trap  macadam  using 
a  residual  petroleum 
(cold)  and  gravel. 

Same  as  section  2 

Gals.     Pounds 

0.14  gallon  refined 
water-gas  tar.' 

0.16  gallon  refined 
water-gas  tar.' 

0.22  gallon  asphalt 

0.25  gallon  refined 

41 

97 

0.31  gallon  hot  as- 
phaltic oil. 2 

water-gas  tar.' 

3 

4 
8 

. 42  ]           27 
.  27  ;           27 

cut-back.' 

0.25  gallon  asphalt 
cut-bacli.' 

do.' 

0.13  gallon  asphal- 
tic petroleum.' 

Penetration     ma- 
cadam    surface 
constructed  us- 
ing 2.45  gallons 
hot  tar. 

0.15  gallon  asphal- 

1 

tic  petroleum.' 

'  Torpedo  sand  used  as  cover  material. 


2  Stone  chips  used  as  cover  material. 
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SECTION 

A 


SURFACE    TREATMCNT    MAT - 


OLD     TRAP    MACADAM 


Cr4El  MAtJ    SAUD'^rONE.  BRICK    BATS, 
■=  HELLS    AND  GRAVEL 


PIT   RUM  GRAVEL 


SECTION  3 

A 
OIL    ASPHALT    MACADAM- 


^^^^^^ 


OLD    TRAP    MACADAM 


PIT    RUN  GRAVEL 


BRICK  BATS  AND  SHELLS 


-  15 
-20 


SURFACE    TREATMENT    MAT- 


15 

20  ■ 


OLD    TRAP    MACADAM 


PIT   RUM  GRAVEL 


3RICK  BATS  AND  MORTAR 


OIL    ASPHALT    MACADAM 


Y^^m2^:L 


^S2SS 


OLD    TRAP    r-1ACACAr^ 


75  "7o  GRAVEL,  25lo  BRICK   BATS  AND    SHELLS 


-  15 
-20 


SURFACE    TPEATMCMT    MAT- 


'.'////.;•///,'.  - 


OLD    TRAP    MACADAM 


BRICK    BATS    AMD    MORTAR 


Oravel 


SECTION  Z 


SECTION  4 

A 
SURFACE    TREATMENT    MAT-. 

-"■■" .■/'■.-.■'.-.v.'/.-/^.-.v..v.v.'.-.'.v^-^ 

OLD   TRAP   MACADAM 


GBAVCL.CIMDERS,   SHELLS  AND   BRICK    BATS 


•I'l'i'i'  u  ■"•'■'■-"• 


SURFACE    TREATMENT    MAT-, 

'■■■'■''" ,-/•■•_ 


OLD    TRAP   MACADAM 


5 


BRICK  BATS  AND  SHELLS 


^  GRAVEL 
CINDERS,  GRAVEL  AND  ^  STONE 


CO 

5     ^ 

X 

10     o 

15      5 


SUR-FACE    TREATMENT    MAT-^ 


OLD   TRAP  MACADAM 


PIT   RUN   GRAVEL 


SHELLS  AND  ASHES 


SURFACE    TREATMENT    MAT. 


OLD   TRAP  MACADAM 


PIT    RUN   GRAVEL 


BRICK   BATS  AND  SHELLS 


SURFACE    TREATMENT    MAT 


SZZZ 


OLD     TRAP    MACADAM                            — ^^^i,;^  , 
PIT   RUN  GRAVEL  


BRICK  BATS  AND  MORTAR 


SECTION  8 

A 
TAR  MACADAM  . 


TAR  SHEET 
BITUMINOUS  GRAVEL  BINDER 
PIT  RUN  GRAVEL 


SURFACE    TREATMENT    MAT- 


TAR   MACADAM  - 


5 

10    - 
15    ■ 

20  • 


OLD    TRAP    MACADAM 


PIT    RUN   GRAVEL 


1 


•  TAR  SHEET 

BITUMINOUS  GRAVEL  BINDER 
PIT   RUN   GRAVEL 

Figure  3. — Cross  Sections  of  Experimental  Sections 


CAREFUL  CONDITION  AND  TRAFFIC  STUDY  MADE  IN  1928 

A  careful  study  of  the  sections  was  made  in  1928  and 
included  a  survey  of  surface  conditions,  an  examina- 
tion of  the  road  structure  and  of  the  subgrade  and  the 
taking  of  a  traffic  census.  A  series  of  test  holes  was 
dug  through  the  pavement  on  the  center  line  and  at 
points  5  feet  each  way  on  each  section.  The  nature 
and  extent  of  the  materials  found  are  shown  in  the 
cross  sections  in  Figure  3.  Samples  of  the  underlying 
soil  were  taken  from  each  test  hole  and  their  analyses 
are  given  in  Table  7.     The  traffic  count  of  July,  l'928, 


is  the  only  one  taken  on  these  sections  since  their 
construction.  The  results  of  the  count  are  given  in 
Table  8.  The  character  of  the  traffic  is  the  same 
throughout  and  is  limited  to  passenger  cars,  busses,  and 
light  delivery  trucks. 

Section  1  carries  approximately  100  vehicles  daily 
and  in  one  direction  only.  Parking  is  permitted  on  the 
west  side.  The  surface  of  the  section,  as  illustrated  in 
Figure  4,  is  somewhat  mottled,  due  to  the  absence  of 
the  granular  covering  material  in  some  areas  and  is 
very  dull  in  appearance  due  to  lack  of   traffic      How- 
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Table  6. — Analysis  of  refined  coal  tar  used  in  constructing  the 
penetration  surface  on  section  8  in  1920 

Specific  gravity  25°  C./25°  C 1.  222 

Float  test  at  50°  C.  (seconds) 84 

Total  bitumen  soluble  in  carbon  disulphide  (per  cent) 84.  8 

Free  carbon  (organic  matter  insoluble)  (per  cent) 15.  1 

Inorganic  matter  insoluble  (per  cent) .  1 

Distillation  by  weight  (per  cent) : 

170°  C 0.  00 

170°  C.  to  235°  C 1  4.  09 

235°  C.  to  270°  C >  5.  29 

270°  C.  to  300°  C 2  5.  16 

Residue 3  35.  49 

Total 99.  94 

Melting  point  of  residue  °C 59 

T.\BLE  7. — Physical  characteristics  of  the  subgrade  soils 


Sec- 
tion 

Inspection 
point 

Description 

t3 
3 

1 
1-1 

S 

1 

1 

be 

03 

c 
sz 

14 

15 

18 

15 

15 
15 
16 

17 

20 

15 

14 

0 

a 

a, 

1.9 

1.9 

1.8 

1.9 

1.9 
1.9 
1.9 

1.9 

1.8 

1.9 

1.9 

CD   > 

B 

c  ^ 

°% 
S3 

16 

21 

24 

21 

20 
21 
14 

23 

25 

21 

17 

£ 

to  C 

1 

A.. 

B,     0     to     15 

inches. 
B,    15    to    24 

inches. 
C 

Light  brown  silty  loam, 
dry  and  powdery. 

Brown  clay  loam,  compact 
and  dry. 

Gray   mottled   silt,    com- 
pact and  dry. 

Brown  clay  loam,  compact 
and  dry. 
do     .. 

22 

26 

27 

27 

25 
27 
20 

26 

34 

30 

21 

8 

10 

10 

12 

10 
12 
6 

10 

15 
14 

7 

IS 
21 
20 
20 

2 

A,  B, and  C 

1<t 

3 

A  and  B 

A  and  B 

C,0  to  6  inches. 

C,     6    to     24 

inches. 
A... 

B-- 

.do 

?0 

4 

8 

Brown  sandy  loam,  com- 
pact and  dry. 

Brown  clay  loam,  compact 
but  damp. 

Light  brown  clay,  mottled, 
soft,  and  water  bearing. 

Brown  clay  loam,  compact 
and  damp. 

Brown  sandy  loam 

17 
20 
23 
21 
17 

Table  8. — Volume  and  character  of  traffic  carried  by  the  various 
sections  as  shown  by  the  1928  count 


Average  vehicles  daily 

Passenger  cars 

Busses 

Light  trucks 


Section  1 


104 

104 

0 

0 


Section  2 


4,708 

4,669 

37 

2 


Section  3 


5,213 

5,  171 

39 

3 


Section  4 


305 

303 

1 

1 


Section  8 


3,542 

3,506 

23 

13 


ever,  it  is  smooth  riding  and  intact  and  the  edges  are 
in  good  condition,  free  from  breaking  or  ravehng. 
Botla  ends  of  the  section,  where  they  intersect  sections 
2  and  8,  are  sharp  curves  and  in  making  the  turns 
traffic  has  continually  encroached  upon  the  lawn.  In 
maintaining  the  section  the  surface  has  been  gradually 
widened  to  correct  this  condition.  The  two  cross 
drains  shown  in  Figure  1,  together  with  the  natural 
slope,  afford  the  section  ample  drainage. 

Section  2  carries  a  heavy  volume  of  traffic  which 
travels  in  both  directions.  The  traffic  census  showed 
an  average  daily  traffic  of  4,708  vehicles  with  as  many  as 
592  passing  over  the  section  in  a  single  hour.  The 
tendency  of  traffic  to  encroach  upon  the  adjacent  lawn 
has  necessitated  a  gradual  widening  throughout  the 
section  until  its  average  width  at  present  is  now  19)'i 
feet  instead  of  16  feet  as  originally  constructed. 

The  section  has  always  required  heavy  maintenance. 
The  cross  sections  show  a  bituminous  mat  ranging  in 
thickness  from  1  to  3  inches  and  averaging  1.6  inches 


'  Solid. 


'■  Fluid 


3  Medium  hard  pitch. 


Fii;i  HI.  I  I'm,-,]  \  I  A  II  I  '  I!  \  Ml  ( ,i  .■>!  (  I  h  i\  I  Parking 
OF  Caks  UN  UNii;  SiiJE  Leaves  u.nlv  a  iSiNtiLE  Traffic 
Lane  for  the  One-way  Traffic 

for  the  entire  section.  The  central  portion  of  the  section 
has  always  required  considerably  more  maintenance 
than  the  remainder  and  its  condition  at  present,  as 
illustrated  in  Figui-e  5,  is  probably  worse  than  any 
other  area  included  in  the  expei-iments.  Its  tendency 
to  shove  under  traffic  during  very  hot  weather  has 
recently  reciuired  the  extensive  use  of  crushed  stone 
in  an  attempt  to  stabilize  the  bituminous  mat  which  is 
about  2  inches  thick. 

The  surface  on  the  remainder  of  the  section  although 
somewhat  wavy  is  intact.  It  is  mosaic  in  appearance 
where  the  coarse  stone  is  exposed  but  shows  no  tend- 
ency to  pothole  or  ravel.  The  eastern  portion  of  the 
section,  as  shown  in  Figure  6,  lies  in  a  cut  but  the 
western  portion  is  comparatively  flat.  Bituminous 
macadam  gutters  and  cross  drains  where  needed, 
together  with  the  natural  slope  of  the  road,  afford 
adequate  drainage. 

Section  3  is  in  excellent  condition.  Its  surface  is 
firm  and  smooth  and  shows  no  tendency  to  ravel 
afthough  the  coarse  stone  is  exposed.  Like  section  2, 
it  carries  very  heavy  traffic  traveling  in  both  directions 
The  recent  count  showed  a  daily  average  of  5,213  ve- 
hicles. On  several  occasions  the  number  of  vehicles 
passing  over  the  section  exceeded  500  per  hour.  The 
gradual  widening  of  the  travel  area  along  the  edges  has 
increased  the  width  of  the  section  to  approximately  20 
feet.  Figures  7  and  the  cover  page  show  the  present 
condition  of  the  section  as  well  as  its  location  which  is 
mainly  in  a  cut.  The  natural  slope  and  the  bituminous 
gutters  provide  satisfactory  drainage. 

Section  4,  which  carries  traffic  in  both  directions,  is 
in  very  good  condition.  Its  surface,  although  very 
dull  in  appearance,  is  smooth  and  intact.  Some 
breaking  along  the  edges  has  been  caused  by  vehicles 
leaving  or  coming  onto  the  surface  from  the  adjacent 
parking  areas.  The  average  daily  traffic  carried  by 
the   section,    as   shown   by   the    1928   count,    was   305 
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vehicles.  Natural  and  artificial  drainage  are  ade- 
quate for  the  section,  a  part  of  which  is  in  a  cut  on  one 
side  as  shown  in  Figure  8.  Two  cross  drains  as  shown 
in  Figure  1  pi'ovide  the  artificial  drainage. 

Section  8,  although  in  service  for  a  considerably 
shorter  period  of  time  tiuiii  the  other  sections,  is  giving 
excellent  service  at  a  remarkably  low  cost  and  to  all 
appearances  is  suffering  no  deterioration  from  traffic. 
The  1928  count  showed  it  to  be  carrying  an  average 
of  3,542  vehicles  daily.  The  surface  is  smooth  and 
intact  save  for  a  few  small  hair  cracks  which  have 
been  filled  with  bituminous  material.  Some  large 
stone  of  the  macadam  course  are  showing  but  there  is 
no  tendency  to  crush  or  ravel.  The  section  lies  in  a 
cut  throughout  its  length  but  has  a  natural  slope  suf- 
ficient to  carry  oft'  surface  water  satisfactorily.  A 
concrete  sidewalk  on  the  south  side  and  a  slight  em- 
bankment on  the  north  side,  afford  ample  protection 
to  the  edges.  Figure  9  shows  the  location  and  present 
condition  of  the  section. 


values  than  the  clay  loam  above.  In  section  1,  at 
point  A,  a  light  brown  silty  loam  was  encountered, 
probably  a  mixture  of  the  two  previously  described 
soils. 

In  section  8,  at  point  B,  the  soil  is  a  brown  sandy 
loam,  compact  and  dry,  and  having  low  shrinkage  and 
plastic  properties. 

In  section  4,  at  points  A  and  B,  the  soil  is  similar  to 
that  described  for  section  8,  at  point  B.  However,  at 
point  C,  the  first  6  inches  below  the  bottom  of  the 
pavement  were  found  to  be  a  brown  clay  loam,  compact 
but  damp.  Underlying  this  stratum  was  a  bed  of 
fight  brown  mottled  clay,  soft  and  wet.  In  fact,  one 
half  hour  after  the  borings  had  been  made  at  this 
point  free  water  was  observed  in  the  bottom  of  the 
auger  hole.  Laboratory  tests  on  this  soil  show  it  to  be 
the  most  plastic  soil  encountered. 

None  of  the  borings  revealed  an  appreciable  amount 
of  coarse  material  in  the  subgrade,  with  the  exception 
of  section  8,  at  point  B.     At  this  one  point  rock  frag- 


FlGURE    5.        I'KE.-^E.N  i    ( 'u.NDITIU.N    UK    THE   CkNTKAL  ruUTION    OF  SkCTION   2.        rsc/lK    HeaVY   PATCHING  AND  ShOV- 

iNG  OF  THE  Surface  Mat  Along  Right  Side 


SURVEY    OF    THE    SUBGRADE    CONDITIONS    INDICATES    SATIS- 
FACTORY   SUPPORT 

Borings  were  made  to  a  depth  of  2  feet  below  the 
bottom  of  the  pavement  at  each  point  where  test  holes 
were  dug.  In  all  cases  it  was  found  that  the  soil  strata 
were  the  same  at  both  sides  and  in  the  center  of  the 
roadway.  Consequently  the  sample  taken  at  each 
cross  section  was  a  composite  of  the  three  borings. 
Where  more  than  one  stratum  was  encountered,  a  sample 
was  taken  from  each. 

At  all  points  of  inspection  in  sections  2  and  3,  and  in 
parts  of  sections  1  and  8,  the  subgrade  was  found  to  be 
a  dry,  dense,  brown  clay  loam  very  thoroughly  com- 
pacted. This  soil  has  low  plastic  and  shrinkage  prop- 
erties as  shown  in  Tabk>  7. 

In  section  1,  at  point  B,  the  brown  clay  loam  is  under- 
lain at  a  depth  of  15  inches  below  the  bottom  of  the 
pavement  by  a  gray  mottled  silt,  very  dry  and  compact, 
and   which   has   slightly   lower  plastic   and   shrinkage 


ments  were  encountered  at  6  to  12  inches  below  the 
bottom  of  the  pavement.  It  was  possible  to  work  the 
auger  around  the  stone  and  penetrate  to  the  full  2 
feet,  indicating  that  the  rock  fragments  were  small. 
This  condition  obtained  at  both  sides  and  in  the  center 
of  the  road. 

With  the  possible  exception  of  section  4,  at  point  C, 
the  subgrade  is  uniform  and  furnishes  adequate  sup- 
port both  in  the  light  of  laboratory  tests  and  field 
conditions. 

RECENT  IMPROVEMENTS  IN  SURFACE  TREATMENT  WOULD  HAVE 
RESULTED  IN  LOWER  MAINTENANCE  COSTS 

It  is  evident  from  the  behavior  of  the  sections  that 
the  ])avement  thickness  was  sufficient  and  that  the 
underlying  subgrade  was  satisfactory  throughout.  The 
behavior  of  the  surface  treatments  can  therefore  be 
taken  to  show  the  merits  of  the  various  materials  and 
methods   used.     In   this  respect,   these  surface  treat- 
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Figure  6. — Present  Appearance  of  the  East  End  of 
Section  2.  Although  Lying  in  a  Cut  the  Bitumi- 
nous Gutters  and  Natural  Slope  Afford  Ample 
Drainage 


^ 


li(.ii:L  ."S.  L:.);_ATi(.)X  axd  Present  Condition  ut  Sh( - 
TioN  4.  The  Surface  Mat,  Although  Intact,  is  Very 
Lifeless  in  Appearance,  Due  to  Insufficient  Traffic 


Figure  7. — East  End  of  Section  3.     Present  Condition 

ments  differ  from  the  average  conditions  generally 
found  for  this  type  of  construction.  Maintenance  often 
involves  patching  and  repair  due  to  failure  of  the  pave- 
ment structure  because  of  lack  of  support  and  not  to 
the  failure  of  the  surface  treatment  proper.  A  typical 
illustration  of  this  point  was  the  bureau's  surface  treat- 
ment experiment  on  Bradley  Lane,  Chevy  Chase,  Md.,^ 
on  which  the  service  behavior  and  the  cost  of  mainte- 
nance were  greatly  afi'ected  by  failures  due  to  insuffi- 
cient foundation  support. 

3  Reported  in  Public  Roads,  February,  1929. 


Figure  9. — General    View    of    Location 
Condition  of  Section  8 


and    Present 


An  efl'ort  has  been  made  to  keep  these  sections  in 
good  condition  and  to  maintain  the  type  of  treatment 
unchanged  as  nearly  as  possible  by  using  in  re-treat- 
ments materials  similar  to  those  used  in  the  original 
construction.  It  should  not  be  inferred,  however,  that 
because  the  types  have  remained  unchanged  except  in 
a  few  cases  the  methods  and  materials  used  have  been 
entirely  satisfactory  and  represent  what,  to-day,  would 
be  considered  good  practice.  On  the  contrary,  it  is 
evident  that  decided  improvements  could  have  been 
made,  not  only  in  some  of  the  original  construction 
but  also  in  the  subsequent  maintenance  treatments. 
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The  light,  slow-drying,  residual  petroleum,  which 
was  used  in  the  construction  and  early  maintenance  of 
section  3,  was  decidedly  lacking  in  cementing  value 
and  proved  entirely  unsatisfactory.  An  unstable  mat 
was  formed  which  was  persistently  muddy  in  wet 
weather.  Additional  maintenance  treatments  with 
the  same  material  only  added  thickness  to  the  mat  and 
increased  the  difficulty  of  maintenance  and  its  unsatis- 
factory condition.  A  section  of  the  Connecticut 
Avenue  experiments  *  on  which  the  same  type  of 
material  was  used  proved  equally  unsatisfactory,  neces- 
sitating a  change  in  type  two  years  after  construction. 

Torpedo  sand  was  used  as  the  cover  material  on 
this  section,  but  it  was  probably  not  responsible  for  or 
contributory  to  the  faihu-e  of  the  section,  as  the  use  of 
coarse  angular  material  proved  of  no  additional  benefit 
on  the  Connecticut  Avenue  experiment. 

The  excellent  behavior  of  section  1  is  probably  due 
almost  entirely  to  the  exceedingly  light  traffic  it  carries 
rather  than  to  the  materials  and  type  of  construction. 
It  is  probable  that  had  the  section  been  called  upon  to 
carry  such  traffic  as  was  carried  by  sections  2,  3,  and  8 
raveling  of  the  surface  woidd  have  occurred  during  its 
early  life.  Experience  has  shown  that  a  single  applica- 
tion of  light  tar  such  as  was  used  does  not  have  the 
body  and  binding  quality  to  hold  the  cover  material 
necessary  to  form  a  stable  mat.  This  point  is  illus- 
trated by  the  behavior  of  section  8  of  the  Connecticut 
Avenue  experiments,  on  which  a  single  application  of  a 
similar  material  was  used  with  a  cover  of  1  inch  to  K 
inch  stone.  The  tar  penetrated  readily,  but  it  did  not 
sufficiently  bond  the  cover  stone,  which  raveled  badly, 
and  it  was  only  by  the  addition  of  timely  and  frequent 
maintenance  treatments  that  a  satisfactory  surface 
mat  was  eventually  formed. 

The  plan  used  in  these  experiments  of  making  a 
single  application  fulfill  the  purpose  of  both  a  priming 
coat  and  binding  material  has  long  since  proved  un- 
satisfactory. A  more  suitable  method  of  treatment  for 
this  section  would  have  been  to  apply  a  prime  coat 
followed  by  a  heavier  bodied  material.  The  priming 
would  have  stabilized  the  macadam  and  produced  a 
bonded  surface  to  which  the  mat  would  have  readily 
adhered.  A  heavy  material  in  the  second  application 
would  have  held  the  stone  and  provided  a  more  stable 
and  wear-resisting  mat. 

EXPERIMENTS  INDICATE  NECESSITY  OF  FORMING  A  STABLE  MAT 

Sections  2  and  4  were  practically  the  same  as  regards 
the  asphaltic  petroleums  used  in  their  original  construc- 
tion. The  eft'ect  of  the  slight  difference  in  their  charac- 
teristics was  not  perceivable,  due  to  the  great  difference 
in  volume  of  traffic  carried  by  the  sections.  Their 
behavior  was  more  satisfactory  than  that  of  section  3, 
in  that  a  fairly  stable  mat  was  formed  which  held  the 
cover  material  and  which  showed  no  tendency  to  become 
soft  and  muddy  in  wet  weather. 

The  scarifying  and  reshaping  of  section  2  preceding 
the  re-treatment  of  1912  was  necessary  to  eliminate  the 
thick,  unstable  mat  which  had  developed.  This 
trouble  was  not  due  to  the  character  of  the  bituminous 
material  used,  but  rather  to  the  frequent  maintenance 
treatments  with  the  invariable  use  of  a  fine  covering 
material. 

In  maintaining  by  surface  treatment  it  is  important 
to  guard  against  the  development  of  an  unstable  mat. 

*  Reported  in  Public  Roads,  May,  192i,  vol.  9,  No.  3. 


It  is  essential  not  only  that  the  bituminous  material 
selected  be  suitable  but  the  cover  material  as  well,  and 
their  selection  depends  upon  the  purpose  of  the  treat- 
ment— -whether  it  is  to  enrich  the  surface  or  to  form  a 
mat.  Section  2,  with  its  thick,  unstable  mat  is  an 
illustration  of  the  result  of  improper  selection  of  mate- 
rials for  certain  conditions. 

Present  practice  favors  a  lean  appearing  surface  mat 
having  a  granular  texture  rather  than  a  richly  sealed 
surface  having  a  smooth,  glossy  appearance.  Experi- 
ence has  shown  that  the  former  is  more  stable  and  safer 
under  present  day  traffic. 

The  bituminous  material  used  in  the  maintenance  of 
section  2  was  a  type  which  would  readily  hold  coarse 
covering  material  and  there  is  no  doubt  that  the  surface 
behavior  would  have  been  decidedly  better  had  fewer 
treatments  been  applied  and  coarse  cover  material 
been  used  with  some  of  them.  The  section  will  soon 
have  to  be  reconstructed  to  stabilize  the  surface  and 
again  eliminate  the  thick,  rich  mat. 

In  view  of  the  present  condition  of  all  the  sections, 
excepting  section  2,  it  can  be  reasonably  expected  that 
they  will  continue  indefinitely  to  give  excellent  service  at 
a  moderate  cost  with  the  present  type  of  maintenance. 

Table  4  shows  that  the  cost  of  maintaining  the  water- 
bound  macadam  surface  by  surface  treatment  and 
patching  ranged  from  2.49  cents  per  square  yard  an- 
nually for  section  4  to  9.17  cents  for  section  2,  while 
for  the  penetration  macadams  the  cost  ranged  from 
1.84  cents  for  section  8  to  3.40  cents  for  section  3. 

MAINTENANCE  COSTS  DISCUSSED 

In  comparing  the  maintenance  cost  of  the  two  types, 
sections  1  and  4  should  not  be  included,  as  the  traffic 
carried  by  them  is  not  comparable  wnth  that  of  sections 
2,  3,  and  8.  Considering  only  sections  2,  3,  and  8,  the 
average  annual  cost  per  square  yard  was  2.78  cents  for 
the  penetration  type  as  compared  with  8.26  cents  for 
the  surface  treatment  of  plain  macadam.  Table  9 
shows  that  these  costs  agree  closely  with  these  of  main- 
taining similar  sections  of  the  Connecticut  Avenue 
experiments.  However,  in  comparing  the  costs  of  the 
two  groups  of  experiments,  some  account  should  be 
taken  of  the  difference  in  traffic  conditions.  On  the 
department  grounds  traffic  ranged  from  3,500  to  5,300 
daily  and  traveled  in  both  directions.  Heavy  trucks 
were  excluded,  but  any  advantage  accruing  in  this 
respect  was  probably  offset  by  the  numerous  heavy 
busses.     On  the  Connecticut  Avenue  experiments  the 

Table  9. — Comparison  of  surface  treatment  maintenance  costs  of 
the  Connecticut  Avenue  and  department  grounds  experiments 

PENETRATION  MACADAM  SECTIONS 


Years  of 
service 

Average 
annual 
mainte- 
nance cost 

Average  daily 
traffic 

Connecticut  Avenue 

16_ 

Cents  per 

square  i/ard 

2.62 

1  2.78 

3,000  (1927) 

Department  grounds 

8  to  12 

4,400  (1928) 

SURFACE-TREATED, 

WATER-BOUND  MAC 

JADAM  SECTIONS 

Connecticut  Avenue- 
Department  grounds- 


15 

4  to  16. 


Cents  per 

square  yard 

8.37 

18.26 


3,000  (1927) 
4,700  (1928) 


'  Cost  weighted  in  proportion  to  time  in  service. 
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Figure  10. — Comparison  of  Cost  of  Maintaining  Experi- 
mental Sections  Exclusive  of  Construction  Costs 

traffic  was  unrestricted,  traveled  in  one  direction  only 
and  averaged  3,000  vehicles  daily. 

The  wdde  difference  in  the  cost  of  maintaining  the 
two  types,  based  on  a  study  of  these  two  groups  of  ex- 
periments, would  indicate  a  decided  economical  advan- 
tage of  the  penetration  macadam  over  the  surface  treat- 
ment of  water-bound  macadam.  However,  since  there 
has  been  little  change  in  the  method  of  constructing  and 
maintaining  penetration  macadam  as  compared  with 
the  decided  improvement  in  surface  treatment  work  in 
recent  years,  it  is  not  believed  that  this  difference 
in  maintenance  cost  would  be  as  large  on  more  recent 
construction. 

Although  the  maintenance  costs  of  sections  1  and  4 
are  not  comparable  with  the  others,  they  are  of  interest 
in  showing  that  a  certain  amount  of  maintenance  is  nec- 
essary regardless  of  traffic,  if  the  surface  is  to  be  pro- 
tected from  deterioration  from  natural  causes.  The 
maintenance  cost  per  vehicle  carried,  for  these  two  sec- 
tions, is  many  times  higher  than  that  of  the  more 
heavily  traveled  sections.  Similarly,  section  4,  has  car- 
ried three  times  as  much  traffic  as  section  1,  but  its 
actual  maintenance  cost  has  been  materially  less.  In- 
dications are  that  section  1  has  suffered  consistently 
from  lack  of  traffic  and  it  is  believed  that  this  accounts 
for  its  higher  maintenance  cost. 

CONCLUSIONS 

Brieffy,  a  study  of  the  experiments  shows: 

1.  On  a  nonrigid  pavement,  an  adequate,  wear- 
resisting  bituminous  surface  mat  capable  of  carrying  al- 
most unlimited  traffic  can  be  economically  maintained 
provided  it  has  adequate  subgrade  support. 

2.  Sufficient  foundation  support  materially  lessens 
the  cost  of  maintenance  and  is  reflected  in  the  freedom 
from  patching  and  absence  of  settlement  of  the  surface. 

3.  A  prerequisite  to  a  successful  surface  treatment  of 
the  mat  type  is  a  stable,  well-bonded  surface  to  which 
the  applied  treatment  will  readily  adhere.  In  the  sur- 
face treatment  of  a  penetration  macadam  these  condi- 
tions are  found,  but  where  the  surface  of  the  road  to  be 
treated  is  not  well  bonded  a  prime  coat  is  essential. 

4.  Successful  maintenance  by  surface  treatment  re- 
quires that  the  materials  used  be  such  that  their  com- 
bination will  produce  a  stable  mat. 


5.  A  surface  can  be  indefinitely  maintained  in  a 
stable  condition  by  surface  treatment  provided  mate- 
rials are  selected  wliich  are  suited  to  the  purpose  of  the 
treatment. 

6.  A  surface  mat  which  has  become  unstable  may  be 
reclaimed  as  a  penetration  macadam  at  a  compara- 
tively low  cost,  and  made  to  produce  a  stable  surface 
that  can  be  economically  maintained. 

7.  Thin  surface  mats  carrying  very  light  traffic  re- 
quire a  certain  amount  of  maintenance  to  offset  the 
deterioration  due  to  weathering.  The  amount  of  such 
niaintenance  is  decreased  with  a  corresponding  increase 
in  traffic. 


TRAFFIC    SURVEY    NOW    UNDER    WAY    IN 
WESTERN  STATES 

In  order  that  the  Federal  Government  and  the 
Western  vStates  may  know  what  the  flow  of  traffic  is 
throughout  the  year  on  the  main  transcontinental 
highways  and  on  other  roads  in  the  Federal-aid  liigh- 
way  system  in  the  West,  the  highway  departments  of 
Washington,  Oregon,  California,  Idaho,  Nevada, 
Wyoming,  Utah,  Arizona,  Colorado,  New  Mexico, 
and  Nebraska  and  the  Bureau  of  Public  Roads  of  the 
United  States  Department  of  Agriculture  began  a 
traffic  survey  in  September  which  will  extend  over  a 
period  of  one  year.  Among  the  routes  on  which 
traffic  will  be  measured  are  the  historic  Oregon  Trail, 
over  its  entire  length  from  Omaha  to  Portland,  parts 
of  the  Santa  Fe  and  Overland  Trails,  and  the  long- 
distance motor-bus  routes  from  Omaha  to  Denver, 
Salt  Lake  City,  and  San  Francisco,  and  from  Denver 
to  Los  Angeles  by  way  of  Santa  Fe,  and  from  Seattle 
to  Los  Angeles. 

Data  compiled  by  the  State  highway  department  of 
New  Mexico  in  1927  and  1928  indicate  that  more  than 
30  per  cent  of  the  vehicles  using  the  roads  of  that 
State  in  those  two  years  were  from  other  States,  and 
on  many  routes  the  so-called  "foreign"  traffic  was 
more  than  half  the  total.  The  foreign  traffic  on  many 
of  the  New  Mexico  highways  was  50  per  cent  greater 
in  1928  than  in  1927,  and  the  total  traffic  was  22  per 
cent  greater  in  1928  than  in  1927.  A  similar  situation 
is  believed  to  exist  in  the  other  Western  States. 

In  the  Western  States  traffic  has  reached  the 
point  where  it  is  necessary  for  the  States  to  know  the 
flow,  density,  and  composition  of  the  traffic  on  their 
roads,  so  they  can  plan  their  highway  systems  on  a 
good  economic  basis  and  plan  for  the  removal  of  snow 
in  winter. 

The  survey  will  show  the  number  of  vehicles  using 
each  of  the  main  highways  throughout  the  year,  by 
days  of  the  week  and  hours  of  the  day,  and  the  number 
of  vehicles  passing  a  given  point  at  certain  times  of 
the  day.  It  will  classify  the  traffic  according  to  types 
of  vehicles,  whether  passenger  cars,  motor  trucks,  or 
motor  busses,  and  the  number  of  passengers  in  pas- 
senger cars.  The  importance  of  cities,  towns,  and 
sections  of  the  State  as  the  source  and  destination  of 
traffic  will  be  ascertained,  and  the  number  of  vehicles 
from  other  States  using  the  highways,  and  other 
information  required  by  State  and  Federal  highway 
officials,  will  be  obtained.  The  data  will  be  useful  in 
solving  traffic  regulation  and  safety  problems.  Surveys 
are  being  conducted  simultaneously  in  each  of  the 
States. 


THE  FREYSSINET  METHOD  OF  CONCRETE-ARCH 

CONSTRUCTION 


By  ALBIN  L.  GEMENY,  Senior  Structural  Engineer,  Division  of  Tests,  Bureau  of  Public  Roads 


The  hingeless  concroto  arch,  when  built  by  the  cus- 
tomary method,  has  certain  disadvantages  which  hmit 
its  use  to  compai'atively  short  spans  and  to  locations 
where  practically  incompressible  foundations  are  avail- 
able. Due  to  various  causes,  deformations  of  the  con- 
crete occur  and  produce  what  may  be  called  parasitical 
stresses  because  they  do  no  useful  work  in  carrying  load 
and  therefore  reduce  the  load  capacity  of  the  arch. 

These  parasitical  stresses  are  due  to  elastic  shorten- 
ing of  the  rib  under  load,  shrinkage  of  the  concrete, 
and  a  change  in  temperature  from  that  wdiich  exists  in 
the  concrete  when  arch  action  begins.  The  deformations 
due  to  shrinkage  of  the  concrete  and  to  temperature 
variations  are  independent  of  the  depth  of  rib  except 
in  so  far  as  the  mass  of  a  member  affects  the  rate  at 
which  drying  out  proceeds  and  the  speed  with  which 


these  stresses  and  reducing  others  to  a  minimum.' 
In  addition,  his  method,  even  for  spans  of  moderate 
length,  makes  the  construction  of  an  arch  a  simpler 
and  more  certain  procedure  than  the  usual  method. 
The  usual  provisions  for  striking  centers  are  not  neces- 
sary and  the  centers  and  falsework  can  be  built  more 
rigidly  and  economically.  In  addition,  the  arch  axis 
can  be  adjusted  so  that  the  maximum  dead  and  live 
load  stresses  can  be  considerably  reduced. 

Freyssinet  has  built  in  France  many  arches  by  his 
method  and  has  gradually  increased  the  span  to  612 
feet  without  any  difficulty.  Such  a  span  would  be 
impracticable  by  the  old  method.  He  believes  that 
spans  of  1,500  for  plain  concrete  and  2,000  feet  for  rein- 
forced concrete  are  entu-ely  practicable  where  economic 
conditions  otherwise  warrant  the  use  of  such  spans. 


An  Arch  Constructed  by  the  Freyssinet  Method 


the  atmospheric  and  rib  temperatures  are  equalized. 
Therefore,  as  the  depth  of  rib  is  increased  for  dead  and 
live  load  stresses,  the  parasitical  stresses  increase 
rapidly  and  definitely  limit  the  span  length  which  may 
be  constructed  by  the  method  of  striking  centers  in 
the  usual  way. 

Various  efforts  have  been  made  to  eliminate  these 
parasitical  stresses  by  the  use  of  such  expedients  as 
temporary  hinges,  but  they  have  been  only  partly  suc- 
cessful. These  methods  do  not  furnish  the  means  of 
definitely  controlling  the  amount  of  adjustment. 

THE  FREYSSINET  METHOD  HAS  A  NUMBER  OF  ADVANTAGES 

In  1908  Mr.  E.  Freyssinet,  a  noted  French  engineer, 
introduced  an  ingenious  and  extremely  simple  method 
of  almost  totally  eliminating  the  most  troublesome  of 
148 


Articles  on  this  method  have  appeared  in  American 
technical  literature  at  various  times,  but  it  apparently 
has  never  been  used  in  this  country  in  spite  of  its  obvious 
merit  and  simplicity. 

The  Freyssinet  method  is  applicable  to  any  type  of 
concrete  arch,  but  we  will  discuss  here  only  the  sym- 
metrical rib  arch,  the  most  common  type  in  highway 
work. 

The  ribs  are  separated  into  two  halves  at  the  crown 
by  a  transverse  joint  without  thickness.  (See  figs.  1 
and  2.)  A  group  of  jacks  is  placed  at  this  joint  in  each 
rib  and  in  emplacements  provided  for  the  purpose. 
By  exerting  a  horizontal  jack  pressure  equal  to  or  a 
little  greater  than  the  thrust  of  the  arch  the  jomt  is 
opened  and  the  arch  is  lifted  off  the  centers.     The 

I  .According  to  Mr.  Freyssinet  this  method  is  not  patented. 
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PLAN   OF    ONE    RIB 


SHOBTENING    OCCURS    AFTEP      StbikinC    CENTEHS    in   USU 
CROSS   SECTION     AT   CROWN 


PIPES  CONNECTING   JACKS 


Figure  1. — Sketch  Showing  Position  of  Hydraulic  Jacks 
FOR  Adjustment  of  Arch  Axis 

axis  may  thus  be  put  in  the  position  anticipated  in  the 
design.  The  amount  by  which  the  joint  must  be  opened 
to  accomphsh  this  purpose  is  a  measure  of  the  combined 
rib  shortening  which  has  occurred,  due  to  all  causes. 

Final  keying  may  be  done  when  the  joint  opening 
indicates  that  nearly  all  of  the  shrinkage  is  complete 
and  when  the  rib  temperature  is  at  the  mean  value 
chosen  for  keying.  As  the  joint  is  opened,  steel  plates 
are  inserted  covering  the  entire  area  of  the  section 
and  kept  tight,  so  that  in  case  of  accident  to  the  jacks 
the  thrust  would  be  taken  by  the  shims.  The  final 
keying  may  be  accomplished  by  filling  the  joint  with 
mortar  or,  in  case  of  a  large  opening,  by  means  of  a 
precast  concrete  slab  of  the  necessary  size  and  shape 
to  produce  the  rec^uired  elongation  and  rotation  of  the 
axis  at  the  crown.  The  exact  shape  and  thickness  of 
this  slab  may  be  determined  by  estimating  the  total 
shortening  due  to  the  various  causes  or  it  may  be  de- 
termined by  a  trial  loading. 

Freyssinet  has  found  it  possible  to  rekey  an  arch 
several  years  after  completion  in  order  to  correct  for 
delayed  shrinkage  or  movements  of  the  supports. 
Where  it  is  observed  that  shrinkage  is  probably  not 
complete,  the  arch  can  be  temporarily  keyed  with 
steel  plates  until  the  fall  of  the  crown  indicates  further 
shrinkage  has  occurred.  The  jacks  can  be  replaced 
with  practically  no  interruption  to  traffic  and  the 
axis  raised  to  its  theoretical  position  and  the  final  keying 
accomplished.  It  is  of  course  necessary  to  select  a 
time  when  the  temperature  of  the  ribs  is  the  chosen 
mean  temperature. 

Freyssinet  used  specially  made  jacks  of  500  metric 
tons  capacity,  about  6  inches  long  and  16  inches  in 
diameter  with  a  maximum  stroke  of  3  inches.  The 
jack  emplacements  may  be  a  part  of  the  section  of  the 
rib  or  the  rib  may  be  widened  at  the  crown  so  as  to 
preserve  the  entire  section  for  arch  thrust.  In  case 
the  emplacements  reduce  the  section  of  rib,  high 
strength  concrete  with  special  reinforcement  should 
be  used  on  each  side  of  the  joint  for  a  short  distance 
so  as  to  increase  its  bearing  strength.  The  same  is 
true  of  the  jack  bearings.  On  several  large  spans 
Freyssinet  used  four  jacks  in  each  rib,  two  near  the 
intrados  and  two  near  the  extrados.  By  connecting 
the  jacks  so  that  they  could  be  operated  separately  or 
together  he  was  able  to  shift  the  center  of  gravity  of 
jack  pressures  in  a  vertical  plane  to  produce  any 
desired  rotations  of  the  joint  surfaces.  Accurate 
gauges  measured  the  jack  pressures. 


UNIFORM    JOINT    OPENING    WHEN    LINE    OF 
THRUST    AND    c.  cv  OF     JACK    PRESSURES     COINCIDE. 
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THRUST,    PRODUCING    A    ROTATION    OF    THE    FACES 

OF    THE     JOINT.    THE    c.^.OF    THE     JACK    PRESSURES 

IS    LIFTED    Br    MAKING    THE      PRESSURE     IN    JACKS 

"a"    GREATER    THAN    IN"b!' 


JL 


7T 


^mz: 


JOINT      OPENING. 

JOINT     AT    CROWN 

PLANE     OF  ACTION    OF    JACKS  "8 


gi.  OF    JACK     PRESSURES 
LINE     OF    THRUST    OF    ARCH 
PLANE     OF   ACTION    OF     JACKS  ' 


Figure  2. — Sketch  Showing  Opening  of  Joint  at  Crown 
OF  Arch 

The  combined  live,  dead  and  temperature  stresses 
at  critical  sections  may  be  reduced  to  a  minimum  by 
creating  counterstresses  with  the  jacks.  Care  must 
be  exercised  to  avoid  the  creation  of  injurious  strains 
by  this  operation. 

A  further  aid  to  complete  control  of  the  stresses 
may  be  obtained  by  the  use  of  strain  gauges  attached 
at  the  sections  of  high  stress.  In  this  way  the  strains 
may  be  noted  as  the  jacks  are  operated  and  the  desired 
adjustment  accurately  made. 

CORRECTION  CAN  BE  MADE  FOR  ELASTIC  RIB  SHORTENING 

The  amount  of  correction  for  elastic  rib  shortening 
can  be  accurately  calculated  by  determining  the  modu- 
lus of  elasticity  from  test  cylinders  made  during  con- 
struction. This  correction  will  depend  upon  the  modu- 
lus of  elasticity  of  the  concrete  and  the  stresses  in  the 
rib.  In  most  cases  it  will  be  of  less  importance  than 
the  other  corrections. 

CORRECTION  FOR  SHRINKAGE  OF  THE  CONCRETE  SHOULD  BE 
MADE  PROGRESSIVELY 

Shrinkage  of  concrete  due  to  setting  and  drying  has 
a  wide  range  of  values  depending  upon  the  richness  of 
the  mix,  the  amount  of  mixing  water  used,  the  per- 
centage and  location  of  reinforcement  and  climatic 
conditions.  A  rich  mix,  within  certain  ranges  of  propor- 
tions, has  the  advantage  of  greater  strength  but  this 
is  counterbalanced  in  the  usual  construction  methods 
by  greater  shrinkage  and  high  resulting  parasitical 
stresses.  The  Freyssinet  method  eliminates,  to  a  great 
extent,  this  disadvantage  of  a  rich  mix. 

Full  shrinkage  may  not  occur  for  a  considerable  period 
after  the  concrete  is  placed.     Recent  tests  in  Georgia^ 

2  Described  by  Searcy  B.  Slack,  bridge  engineer.  State  Highway  Board  of  Georgia. 
in  Engineering  News  Record  for  August  29,  1929,  dd.  .^'?R  to  3.TO. 
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on  an  arch  under  construction  showed  that  arch  action 
started  about  four  days  after  the  last  concrete  was 
placed  in  the  rib.  Due  to  the  moisture  retained  by  the 
forms,  it  is  not  likely  that  any  great  amount  of  shrinkage 
had  taken  place  in  this  short  time.  A  period  of  wet 
weather  after  the  arch  is  finished  may  delay  any  a])preci- 
able  shrinkage  for  months.  Correction  for  shrink- 
age should  be  made  pi'ogressively  as  the  shrinkage  is 
observed  so  as  to  avoid  overcorrection  and  the  creation 
of  dangerous  counterstresses  in  the  rib. 

Because  of  this  delayed  shrinkage,  it  does  not  seem 
probable  that  the  method  of  placing  the  rib  in  alter- 
nate sections  and  leaving  out  key  sections  for  several 
days  is  effective  in  eliminating  stresses  due  to  shrink- 
age. The  efficacy  of  the  method  depends  on  weather 
conditions  and  is  always  in  doubt.  Because  of  the  un- 
certainties as  to  the  rate  and  final  amount  of  shrink- 
age, it  is  difficult  to  determine  the  correction  except  by 
trial  loadings  and  the  measurement  of  the  variations 
in  the  joint  opening.  Laboratory  experiments  and  ob- 
servation by  Freyssinet  on  actual  structures  indicate  a 
range  of  shrinkage  coefficients  from  0.0004  to  0.0008 
for  concretes  used  in  bridges. 

UNCERTAINTY  AS  TO  TEMPERATURE  STRESSES  REMOVED 

It  is  customary,  in  designing  for  temperature  stresses, 
to  select  a  mean  temperature  and  make  stress  calcula- 
tions for  fluctuations  above  and  below  this  mean,  cover- 
ing the  range  of  temperatures  for  the  location  in  which 
the  structure  is  built.  It  seldom,  if  ever,  happens 
that  the  atmospheric  temperature  is  at  the  selected 
mean  temperature  when  the  structure  begms  to  act  as 
an  arch  and  becomes  subjected  to  temperature  stresses. 
The  construction  season  is  generally  in  warm  weather 
when  the  temperature  is  considerably  above  this  mean. 
Therefore,  if  the  concrete  of  the  rib  were  at  atmos- 
pheric temperature  the  variation  would  be  almost  alto- 
gether a  drop,  producing  a  rib  shortening.  But  the 
Georgia  tests  referred  to  above  indicate  that  the  con- 
dition is  even  worse  than  this.  In  the  structure  tested, 
arch  action  began  four  days  after  completion  of  the 
ribs  while  the  rib  temperatures  due  to  chemical  action 
of  setting  were  from  20°  to  35°  F.  higher  than  atmos- 
pheric temperature.  It  is  therefore  not  improbable 
that  a  drop  in  temperature  of  as  much  as  100°  F.  will 
occur  and  create  large  temperature  stresses.  This  con- 
dition adds  greatly  to  the  value  of  the  Freyssinet 
method,  because  the  keying  can  be  delayed,  without 
delaying  the  progress  of  the  work,  until  a  chosen  mean 
temperature  has  been  reached  and  the  greater  part  of 
the  temperature  stresses  eliminated  with  great  preci- 
sion. A  few  resistance  coils  distributed  in  the  rib  con- 
crete during  construction  would  facilitate  the  selection 
of  the  rib  temperatures  suitable  for  keying. 

ADJUSTMENT  CAN  BE  MADE  FOR  FOUNDATION  MOVEMENTS  AND 
COMBINED  DEAD  AND  LIVE  LOAD  STRESSES 

The  Freyssinet  method  i)ermits  correction  of  founda- 
tion movements  which  would,  by  the  usual  method,  be 
a  serious  matter.  Foundation  movements  without  ro- 
tation of  the  supports  are  equivalent  to  a  rib  shortening 
due  to  the  other  causes  and  can  be  corrected  for  in  the 
same  way.  If  there  is  reason  to  suppose  that  rotation 
of  the  supports  may  occur  the  correction  can  best  be 


made  by  joints  near  the  skew  backs  where  counter- 
rotations  may  be  produced  with  the  jacks. 

After  the  parasitical  stresses  have  been  eliminated  or 
greatly  reduced,  the  arch  axis  may  be  adjusted  so  as  to 
materially  reduce  the  combined  stresses  due  to  dead 
load  and  the  worst  condition  of  live  load.  We  have 
two  variables,  the  length  of  the  arch  axis  and  the  rota- 
tion of  the  axis  at  the  crown,  which  can  be  adjusted  to 
any  desired  value.  It  may  be  mathematically  deter- 
mined in  any  of  the  usual  ways  how  much  change  in 
the  length  of  arch  axis  and  how  much  rotation  at  the 
crown  is  necessary  to  produce  counterstresses  which, 
when  added  to  the  live,  dead,  and  remaining  parasitical 
stresses,  will  reduce  the  total  at  critical  sections  to  a 
minimum.  Freyssinet,  by  this  means,  has  been  able 
to  pass  the  thrust  line  very  close  to  the  axis  of  the  rib 
and  reduce  the  bendmg  moments  to  a  minimum.  In 
this  manner  reinforcing  can  be  greatly  reduced  in 
quantity. 

This  adjustment  of  dead  and  live  load  stresses  can  be 
accurately  controlled  by  the  use  of  strain  gauges  at  the 
critical  sections  of  the  rib,  so  that  the  strains  can  be 
observed  as  the  jacks  are  operated. 

SUMMARY 

The  advantages  of  the  Freyssinet  method  may  be 
summarized  as  follows: 

1.  The  parasitical  stresses,  which  limit  the  concrete 
arch  to  comparatively  short  spans  of  high  rise  may  be 
almost  entirely  eliminated  thereby  making  practicable 
much  longer  spans  and  smaller  rise  ratios.  Tempera- 
ture stresses  which  are  probably  much  higher  than  have 
been  usually  allowed  for  in  design  may  be  reduced  to 
a  minimum. 

2.  Combined  dead  and  live  load  stresses  may  be 
adjusted  so  as  to  reduce  the  bending  moments  to  a 
minimum  and  consequently  reduce  the  amount  of  rein- 
forcing steel  and  concrete  required  in  the  ribs. 

3.  Special  provisions  for  striking  centers  in  the  usual 
manner  may  be  eliminated  and  the  centering  and  false- 
work built  more  rigidly  and  economically. 

4.  Correction  may  be  made  for  small  foundation 
movements. 

5.  Because  of  the  above  reasons,  the  concrete  arch 
is  adapted  to  a  greater  range  of  location  conditions  and 
the  entire  process  of  arch  construction  is  made  simpler 
and  safer. 

It  is  anticipated  that,  in  the  near  future,  the  great 
possibilities  of  this  method  will  be  thoroughly  explored 
by  its  use  in  this  country  in  conjunction  with  provisions 
for  making  accurate  measurements  of  the  arch  deforma- 
tions incident  to  the  process. 

A  complete  description  of  this  method  first  appeared 
in  Le  Genie  Civil  in  1921,  volume  79,  pages  97,  124, 
and  146.  Since  then,  articles  have  appeared  periodi- 
cally m  the  same  magazme,  as  the  use  of  this  method 
has  extended  in  France  and  interest  in  it  has  increased. 

A  cooperative  project  embodying  the  Freyssinet 
method  of  arch  construction  has  been  proposed  to  the 
Bureau  of  Public  Roads  by  the  Oregon  State  Highway 
Commission.  Such  a  project  would  include  strain 
measurements  and  other  data  which  would  be  useful 
in  studying  the  possibilities  of  this  method. 


ACCURACY  OF  SPECIFIC  GRAVITY  AND  ABSORPTION 
TESTS  OF  COARSE  AGGREGATE  INVESTIGATED 

Reported  by  D.  O.  WOOLF,  Assistant  Materials  Engineer,  Division  of  Tests,  United  States  Bureau  of  Public  Roids 

from  the  average  is  0.02,  and  the  iiiaxinium  variation 
between  the  tests  of  any  sample  averages  0.07.  The 
results  of  the  apparent  specific-gravity  tests  show  even 
smaller  variations,  the  mean  deviation  from  the  avei'age 
being  0.01  and  the  maximum  variation  between  the 
tests  of  any  sample  averaging  0.02. 

The  tests  of  different  samples  given  in  Tables  2  and 
4  show  marked  variations  in  the  test  residts,  especially 
those  for  absorption.  In  four  cases  out  of  the  seven  the 
maximum  variation  between  tests  for  absorption  on  a 
single  material  exceeds  the  average  percentage  of 
absorption  for  all  the  tests  on  the  same  material. 
Sample  No.  1,  for  example,  has  an  average  absorption 
of  0.79  per  cent  and  minimum  and  maximum  test  values 
of  0.41  per  cent  and  1.45  per  cent,  respectively.  The 
results  of  the  tests  for  specific  gravity  on  different 
samples  of  the  same  material  also  show  a  wide  variation, 
but  not  to  the  same  extent  as  for  absorption. 


THE  ACCURACY  of  the  results  of  certain  absorp- 
tion tests  of  coarse  aggregate  of  variable  compo- 
sition was  recently  questioned  in  the  course  of 
routine  tests  made  in  connection  with  a  research  project. 
Comparison  of  the  results  with  previous  tests  on  the 
same  material  disclosed  many  apparent  errors  in  the 
test  which  were  attributed  to  the  method  of  procedure. 
It  was  considered  advisable  to  make  a  brief  investiga- 
tion of  the  absorption  test  to  determine  the  cause  of 
the  erroneous  results  and  to  devise  a  method  of  improv- 
ing the  test. 

The  method  of  test  for  apparent  specific  gravity  and 
absorption  of  coarse  aggregate  is  described  as  follows:  ' 
The  apparent  specific  gravity  shall  be  obtained  by 
weighing  the  water  displaced  by  a  sample  of  the  material 
weighing  approximately  1,000  grams,  broken  into 
pieces  about  134  inches  in  diameter.  The  vessel  to  be 
used  consists  of  a  galvanized-iron  cylinder  closed  at 
one  end  and  measuring  5  inches  in  diameter  by  8  inches 
high.  A  brass  spout  one-half  inch  in  diameter  is  sol- 
dered into  the  side  of  the  cylinder  6  inches  from  the 
bottom.  The  spout  is  inclined  at  an  angle  of  2°  with 
the  horizontal  and  is  2^/2  inches  long.  A  notch  is  filed 
across  its  lower  end  to  stop  the  drip  from  the  displaced 
water.  To  determine  the  specific  gravity  and  absorp- 
tion, the  dried  and  cooled  sample  shall  be  weighed  to 
the  nearest  0.5  gram  and  immersed  in  water  for  24 
hours.  The  pieces  shall  then  be  surface  dried  individ- 
ually with  a  towel,  the  sample  reweighed  and  immedi- 
ately placed  in  the  cylinder,  which  has  been  previously 
filled  to  overflowing  with  water  at  room  temperature. 
The  weight  of  water  displaced  by  the  sample  shall  be 
used  to  calculate  its  apparent  specific  gravity.  The 
difference  between  the  original  weight  of  the  sample  and 
its  weight  after  24  hours  shall  be  used  to  determine 
the  absorption. 

TESTS    ON    DIFFERENT    SAMPLES    OF    SAME    MATERIAL    SHOW 
INCONSISTENT  RESULTS 

The  apparatus  used  is  shown  in  Figure  1.  The  wire 
basket  is  used  to  immerse  the  sample  in  water  in  the 
cylinder  when  the  volume  of  the  aggregate  is  being 
determined.  It  was  formerly  the  practice  to  drop  the 
pieces  of  aggregate  into  the  overflow  apparatus;  but 
even  with  the  greatest  of  care,  sufficient  wave  action 
was  caused  to  prevent  accurate  results. 

Six  or  seven  individual  samples  were  selected  from 
each  of  seven  different  materials,  six  of  which  were 
gravels  and  one  rock.  These  samples  were  tested  for 
absorption  and  apparent  specific  gravity.  Two  to 
four  samples  of  each  material  were  then  retested  by 
the  same  operator  and  also  by  two  other  operators. 
The  results  of  these  tests  will  be  found  in  Tables  1  to  4. 

The  repeated  tests  on  the  same  sample  were  made 
to  determine  the  error  in  the  test  which  could  be  attrib- 
uted to  the  operator.  The  results  in  Tables  1  and  3 
show  that  in  general  the  concordance  between  tests  by 
different  operators  on  the  same  sample  is  very  good. 
The  mean  deviation  of  the  percentage  of  absorption 

'  U.  S.  D.  A.  Bulletin  1216,  Tentative  .Standard  Methods  of  Sampling  and  Testing 
Highway  Materials,  method  No.  14. 


Figure     1. — Apparatus  Used  in   Determining  Apparent 
Specific  Gravity 

Table   1. —  Variation  in  results  of  tests  for  absorption  when  made 
on  same  samples 


Absorption,  per  cent 

Test  by  operator 

Maxi- 

Sample No. 

mum 

Aver- 

varia- 
tion 

A 

B 

B 

C 

age 

be- 
tween 
tests 

lA 

) 

0.51 

0.55 

0.56 

0.57 

0.55 

0.06 

IB 

^Massachusetts  gravel.... 

■i     .88 

.90 

.93 

.94 

.91 

.06 

IC 

.53 

.56 

.59 

.60 

.57 

.07 

2A 

.15 

.18 

.20 

.19 

.18 

.05 

2B 

[New  York  limestone 

\     .04 

.06 

.08 

.06 

.06 

.04 

2C. 

.18 

.20 

.22 

.20 

.20 

.04 

3A 

.40 

.43 

.44 

.43 

.42 

.04 

3B 

1.24 

1.26 

1.31 

1..S2 

1.28 

.08 

3C 

^Pennsylvania  gravel 

.67 

.70 

.74 

.73 

.71 

.07 

3D... 

.94 

.98 

1.04 

1.01 

.99 

.10 

4A... 

1.33 

1.25 

1.32 

1.33 

1.31 

.08 

4B 

>Ohio  gravel 

{  2.53 

2.40 

2.51 

2.50 

2.48 

.13 

4C 

2.08 

1.92 

2.05 

2.04 

2.02 

.16 

5A 

■Virginia  gravel             

.65 

.63 

.68 

.63 

.65 

.05 

5B 

{     .58 

.56 

.59 

..59 

.58 

.03 

5C. 

.87 

.84 

.88 

.87 

.86 

.04 

6A 

1.15 

1.09 

1.16 

1.14 

1.14 

.07 

6B 

6C-. 

^Illinois  gravel 

I   1.37 

1.31 

1.37 

1.35 

1.35 

.06 

1.13 

1.05 

1.13 

1.09 

1.10 

.08 

7A 

Alabama  gravel 

.46 
I  1.02 

.43 

.98 

.46 
1.03 

.47 
1.04 

.46 
1.02 

.04 
.06 

-B 
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Table  2. 


-Variation  in  results  of  tests  for  absorption  when  nude 
on  different  samples  of  same  material 


Absorption,  per  cent 

Sample  N'o. 

Test  number 

Aver- 
age 

Maxi- 
mum 

1 

2 

3 

4 

5 

6 

7 

varia- 
tion 
be- 
tween 
tests 

1 

1.14 
.09 
.94 

1.85 
.47 

2.12 
.34 

1.45 
.48 
.70 
.97 
.51 
1.74 
1.02 

0.41 
.26 
.42 

2.20 
.70 

1.35 
.32 

0.47 
.18 

1.28 

2.26 
.65 

1.14 
.18 

0.55 
.OS 
.71 

1.31 
.58 

1..35 
.46 

0.91 
.20 
.99 

2.48 
.86 
1.14 
1.02 

0.57 
"'2.'02' 

0.79 
.21 

.85 
1.88 

.63 
1.47 

.56 

1.01 

2                        --   - 

.42 

3              

.86 

4 - 

5                -- 

1.51 
.39 

6 

.98 

7 

.84 

Table  3. 


-Variation  in  results  of  tests  for  specific  gravity  when 
made  on  same  sample 


is  responsible  for  the  great  variation  in  test  results 
obtained  on  a  single  material.  Each  of  the  samples 
tested  was  considered  to  be  representative  of  the  entire 
material.  Since  these  tests  demonstrate  that  test 
samples  selected  by  the  customary  laboratory  methods 
are  not  representative  of  the  entire  material,  it  is  recom- 
mended that  in  future  practice  a  number  of  samples 
be  tested  for  a  given  material  and  that  the  average  of 
all  the  test  results  be  considered  instead  of  those  of  a 
single  sample.  It  is  probable  that  a  larger  sample — • 
say  of  25  to  30  pounds  weight — would  furnish  a  repre- 
sentative test  sample  and  therefore  give  equally  accu- 
rate results,  but  the  difficulties  of  handling  such  a 
sample  without  special  apparatus  favors  the  testing  of 
a  number  of  the  smaller  samples. 

Table  4. —  Variation  in  results  of  tests  for  specific  gravity  when 
made  on  different  samples  of  same  material 


Material 

Specific 

gravity 

Sample  No. 

Test  made  by  oper 

itor 

Aver- 
age 

Maxi- 
mum 

A 

B 

B 

C 

varia- 
tion 
be- 
tween 
tests 

lA     

Massachusetts  gravel 

>New  York  limestone 

■Pennsylvania  gravel 

Whio  gravel 

/Virginia  gravel 

2.67 

2.61 

2.68 

2.66 

\  2.67 

2.68 

2.63 

1   2.54 

2.65 

2.58 

2.65 

^  2.54 

2.63 

2.59 

2.59 

2.59 

2.69 

{  2.66 

1  2.67 

f  2.61 

I  2.56 

2.66 
2.61 
2.67 
2.66 
2.67 
2.68 
2.62 
2.53 
2.64 
2.57 
2.61 
2.52 
2.56 
2.58 
2.58 
2.66 
2.67 
2.62 
2.63 
2.58 
2.52 

2.66 
2.60 
2.66 
2.66 
2.68 
2.68 
2.63 
2.54 
2.63 
2.59 
2.64 
2.52 
2.57 
2.57 
2.58 
2.56 
2.68 
2.62 
2.66 
2.60 
2.55 

2.67 
2.60 
2.69 
2.67 
2.68 
2.68 
2.63 
2.55 
2.66 
2.59 
2.64 
2.52 
2.59 
2.58 
2.59 
2.58 
2.09 
2.65 
2.66 
2.61 
2.57 

2.66 
2.60 
2.68 
2.66 
2.68 
2.68 
2.63 
2.54 
2.64 
2.58 
2.64 
2.52 
2.59 
2.58 
2.58 
2.57 
2.68 
2.64 
2.66 
2.60 
2.55 

0.01 

IB 

IC 

2A 

.01 
.03 
.01 

2B 

.01 

2C 

.00 

3A 

3B 

3C 

3D 

4A 

.01 
.02 
.03 
.02 
.01 

4B.. 

4C 

5A. 

.02 
.07 
.02 

5B 

.01 

5C 

6A 

>Illinois  gravel 

.03 
.02 

6B 

.04 

6C 

[Alabama  gravel...  ..  .. 

.04 

7A 

.03 

7B. 

.  05 

USE  OF  AVERAGE  RESULT  OF  A  NUMBER  OF  TESTS  RECOMMENDED 

It  is  apparent  from  the  results  shown  here  that  the 
selection  of  the  test  sample,  and  not  the  test  method, 


Sample  No. 


Specific  gravity 


Test  number 


2.59 


Aver- 


2.63 
2.67 
2.60 
2.57 
2.57 
2.66 
2.60 


Maxi- 
mum 
varia- 
tion 
be- 
tween 
tests 


0.18 
.02 
.10 
.14 
.09 
.17 


1 _  2.54  2.58  2.66  2.72  2.66  2.60       2.f 

2 2.67  2.66  2.67  2.66  2.68  2.68 

3 2.56  2.64  2.63  2.54  2.64  2.58 

4 2.54  2.61  2.50  2.56  2.64  2.52 

5 -.  2.62  2.53  2.54  2.58  2.58  2.57 

6 2.00  2.77  2.62  2.68  2.64  2.66 

7 2.60  2.58  2.61  2.63  2.60  2.55 

INDEX  TO  VOLUME  6  OF  PUBLIC  ROADS  AVAILABLE 

An  inde.x  to  volume  6  of  Public  Roads  which 
included  the  issues  from  March,  1925,  to  February, 
1926,  is  now  available  for  distribution,  and  copies  may 
be  obtained  without  charge  from  the  Bureau  of  Public 
Roads,  United  States  Department  of  Agriculture, 
Washington,  D.  C. 

It  is  planned  to  issue  an  inde.x  for  each  of  volumes  7, 
8,  and  9  in  the  near  future  and  when  requested  names 
will  be  listed  to  receive  these  as  they  appear. 
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EARTH  PRESSURE  EXPERIMENTS  ON  CULVERT  PIPE 


RESULTS  OF  RESEARCH  BY  THE  UNIVERSITY  OF  NORTH  CAROLINA  IN  COOPERATION  WITH  THE  NORTH 
CAROLINA  HIGHWAY  COMMISSION  AND  THE  UNITED  STATES  BUREAU  OF  PUBLIC  ROADS 

By  G.  M.  BRAUNE,  Dean  of  School  of  Engineering;  WILLIAM  CAIN,  Professor  Emeritus  of  Mathematics;  and  H.F.  JANDA,  formerly  Professor  of  Highway  Engineering, 

all  of  the  University  of  North  Carolina  ' 


EXPERIMENTS  relating  to  earth  pressures  on 
culvert  pipe  were  initiated  at  the  University  of 
North  Carolina  in  1923  in  cooperation  with  the 
North  Carolina  State  Highway  Commission.  The 
additional  cooperation  of  the  Bureau  of  Public  Roads 
was  obtained  in  1925.  The  object  of  the  experiments 
was  to  secure  data  for  use  in  the  design  of  highway 
culverts.  There  is  no  exact  method  of  determining  the 
behavior  of  an  elastic  pipe  culvert  under  the  variable 
loads  produced  by  granular  fill  material.  Deformations 
in  the  culvert  produced  by  the  load  result  in  a  rear- 
rangement of  the  material  producing  the  deformation. 
This  rearrangement  of  material  is  affected  by  the  cohe- 
sive and  frictional  qualities  of  the  soil. 

Since  the  problem  did  not  lend  itself  to  analysis 
without  experimentation  it  was  decided  to  make  field 
tests  to  determine  the  earth  pressure  on  culvert  pipe, 
to  ascertain  the  elastic  behavior  of  the  pipe  under  these 
loads,  and  to  attempt  to  correlate  the  field  data  with 
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Figure    1. — Arrangement  of  Test  Apparatus  for  Tests 
UNDER  Condition  of  50  per  cent  Projection 

laboratory  tests  in  such  a  manner  as  to  provide  design 
data. 

Dean  Anson  Marston  of  Iowa  State  College,  at  Ames, 
Iowa,  has  conducted  large  scale  experiments  for  several 
years,  along  lines  similar  to  the  work  at  Chapel  Hill. 

Experiments  to  determine  earth  pressures  on  culvert 
pipe  have  been  made  near  Farina,  111.,  under  the 
auspices  of  the  American  Railway  Engineering  Asso- 
ciation. 


'  Valuable  personal  aid  and  criticism  has  been  furnished  by  Frank  II.  Page, 
Charles  M.  Upham,  C.  N.  Conuor,  G.  W.  Hutchinson,  F.  E.  Schnepfe,  R.  T.  Giles, 
E.  H.  Kivett,  F.  C.  Pritchett.  and  W.  E.  Hawkins,  of  the  North  Carolina  State 
Highway  Commission;  A.  T.  Goldbeck,  E.  F.  Kelley,  George  W.  Davis,  and  A.  L. 
Gemeny,  of  the  United  States  Bureau  of  Public  Roads;  T.  F.  Hickersoa,  of  the 
University  of  North  Carolina;  Milo  S.  Ketchum,  of  the  University  of  Illinois;  and 
R.  W.  Crutn.  of  the  Iowa  State  Highway  Commission. 

Materials  for  use  in  the  experiments  were  supplied  by  the  Portland  Cement  Asso" 
elation;  the  National  Tube  Co.,  of  Atlanta,  Ga.;  the  American  Casting  Co.,  o 
Birmingham,  Ala.;  the  Armco  Culvert  and  Flume  Manufacturers  Association;  and 
the  Standard  Sand  and  Gravel  Corporation,  of  Gravel  Pit,  N.  C. 

Recognition  is  due  the  research  fellows  who  have  performed  a  major  portion  of 
the  work  and  the  collection  of  data  at  the  experimental  station.  The  following  men 
have  served  as  research  fellows:  J.  G.  Wardlaw,  jr.,  and  L.  B.  Aull,  jr.,  1923-24; 
H.  McC.  Holmes,  jr.,  and  Harry  Cantey,  1924-25;  W.  C.  Johnson  and  W.  McK. 
Franklin,  1926-27;  and  E.  G.  Dobbins  and  H.  A.  Schmitt,  1927-28. 


Other  experimental  work  relative  to  earth  pressures 
has  been  performed  (see  bibliography  at  end  of  report), 
but  the  apphcation  of  earth  ])ressures  to  culvert  pipe 
has  been  confined  to  the  two  projects  noted  above.  In 
both  of  these  the  method  of  approaching  the  problem 
has  difl'ered  somewhat  from  that  used  at  the  University 
of  North  Carolina. 

The  tests  at  Chapel  Hill  were  conducted  on  20  and  30 
inch  pipe  of  various  materials,  using  sand  and  clay  fills. 
In  all  tests  of  the  first  series  the  pipe  was  placed  in  what 
is  termed  "the  condition  of  50  per  cent  projection" — 
that  is,  only  one-half  of  the  circumference  of  the  pipe 
was  exposed  to  the  fill.  In  the  first  portion  of  this 
series  the  fill  was  placed  over  the  pipe  exposed  in  this 
manner,  and  later  conditions  were  modified  by  placing 
and  compacting  a  portion  of  the  fill  and  then  excavating 
a  narrow  trench  to  expose  the  pipe  (in  condition  of 
50  per  cent  projection).  The  trench  was  then  back 
filled  and  the  fill  completed  in  the  usual  manner.  This 
was  called  the  "trench  condition." 

The  most  pertinent  data  were  obtained  in  the  second 
series  of  tests  in  which  the  entire  surface  of  the  pipe 
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Figure  2. — The  Housing  Culvert  Under  Construction 

was  exposed  to  the  fill  and  information  was  obtained 
not  only  as  to  the  load  on  the  pipe  but  also  as  to  the 
radial  earth  pressure  and  the  deflection  of  the  pipe. 

ARRANGEMENT  OF  APPARATUS  DESCRIBED 

A  site  suitable  for  the  experiments  was  found  about 
1  mile  south  of  Chapel  Hill,  N.  C.  This  site  was  easilv 
accessible,  was  quite  near  an  excellent  supply  of  sand 
and  clay  for  filling  material,  and  required  comparatively 
small  quantities  of  fill  to  reach  the  desired  height  of 
embankment.  The  profile  of  the  original  ground  per- 
mitted a  good  location  for  the  test  apparatus  and  for 
the  formation  of  embankment  up  to  20  feet  in  height, 
or  greater  if  desired. 

The  original  apparatus  was  designed  to  simulate 
field  conditions  and  measure  vertical  earth  pressure 
only.  The  upper  half  of  the  pipe  surface  was  to  be 
exposed  to  earth  pressure — a  condition  hereafter  re- 
ferred to  as  50  per  cent  projection — and  the  pipe  was 
to  be  supported  by  weighing  apparatus  so  arranged  as 
to  permit  observers  working  beneath  the  pipe.  Figures 
1,  2,  3,  and  4  indicate  the  general  arrangement. 
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The  housing  for  the  weighing  apparatus  (fig.  2)  con- 
sisted of  a  reinforced  concrete  box  culvert  58.5  feet 
long,  7  feet  wide,  with  a  clear  height  of  7  feet.  Suf- 
ficient excavation  was  made  for  the  housing  cidvert  to 
aiUow  the  test  pipe  being  placed  at  the  desired  elevation. 

The  weighing  apparatus  which  was  placed  inside  the 
culvert  box  consisted  of  four  platform  scales,  each  hav- 
ing a  capacity  of  30,000  pounds,  designed  and  con- 
structed especially  for  these  experiments.  They  have 
been  calibrated  a  number  of  times  during  the  experi- 
ment and  are  thought  to  be  accurate.     Steel  columns 


Figure  3. — Tops  of  Columns  for  Supporting  Pipe  in 
Condition  of  50  per  cent  Projection  and  Inside  of 
Housing  Culvert 

(fig.  3)  extending  up  to  the  roof  of  the  weighing  chamber 
were  supported  on  the  scale  platform,  and  the  test  pipes 
were  placed  on  top  of  these  columns. 

The  columns  were  only  5  feet  4  inches  long,  but  in 
order  to  prevent  any  appreciable  deformation  they  were 
designed  with  an  excessive  cross-sectional  area  so  as  to 
keep  the  unit  stress  below  1,000  pounds  per  square  inch. 
The  concrete  roof  of  the  weighing  chamber  had  a  slot 
(fig.  3)  large  enough  to  permit  the  insertion  of  the  test 
pipe.  Resting  on  the  columns  were  the  four  joints  of 
pipe,  held  in  place  by  small  angles  bolted  to  the  columns 
(figs.  1  and  4)  and  spaced  sufficiently  far  apart  to  allow 
free  deflection  of  the  pipe.  In  order  that  uniform  con- 
ditions might  be  obtained,  the  pipe  was  extended 
beyond  the  test  sections  so  as  to  cover  the  entire  width 
of  the  fill  and  was  supported  on  the  concrete  slab. 
Each  section  of  test  pipe  was  2^  feet  long. 

In  conducting  the  tests  it  was  necessary  to  differenti- 
ate between  active  and  passive  pressures.  The  move- 
ment of  the  scale  platform  during  a  weighing  operation 
as  calculated  from  the  movement  of  the  balance  arm 
was  only  0.00007  inch  (and  some  of  this  was  perhaps 
taken  up  in  the  elasticity  of  the  lever),  but  there  was  a 
very  slight  movement  of  the  platform.  Therefore,  in 
order  to  record  active  pressure,  the  tendency  of  the 
movement  of  the  scale  platform  would  have  to  be  in  a 
downward  direction.  This  condition  was  obtained  by 
running  the  counterpoise  out  so  that  the  beam  was 
always  down  and  the  platform  up.  When  the  readings 
were  taken  the  poise  was  run  in  until  the  beam  just 
began  to  rise.  Thus  the  mass  of  the  earth  tended  to 
move  down  and  was  supported  in  part  by  its  friction  and 


cohesion,  the  vertical  earth  pressure  exerted  upon  the 
pipe  being  observed  on  the  scales. 

In  determining  passive  pressures  the  poise  was  kept 
in,  thus  allowing  the  platform  to  be  deflected  down. 
In  making  a  reading  the  counterpoise  was  moved  out  to 
the  point  of  balance  and  the  scale  platform  tended  to 
move  up,  and  was  resisted  not  only  by  the  weight  of  the 
earth  but  also  by  its  friction  and  cohesion. 

CHARACTERISTICS  OF  FILL  MATERIAL  DETERMINED 

Sand  was  used  as  the  first  filling  material  because  of 
its  homogeneous  character  and  relatively  low  coefficient 
of  cohesion.  Its  more  uniform  character  makes  it  better 
than  clay  or  other  materials  as  a  standard  substance  for 
comparison  of  the  behavior  of  the  various  kinds  of  pipe 
under  the  different  conditions  of  installation.  Clay  was 
used  as  a  filling  material  later  in  order  to  compare  the 
eflocts  produced  by  the  two  difl'erent  materials. 

The  sand  was  obtained  from  the  bed  of  a  creek  about 
a  half  mile  from  the  experiment  site.  It  had  angular 
grains,  was  of  a  reddish-brown  appearance,  and  was 
well  graded.  During  the  tests,  physical  characteristics 
of  the  sand  were  determined  at  suitable  intervals.  The 
properties  of  the  diffei-ent  samples  varied  but  little  and 
the  averag-e  values  are  in  Table  I. 
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Table  1. — Average  test  values  of  sand  used  in  fill 

Weight  per  cubic  foot,  loose  (shoveled  in) pounds ._  80.  7 

Weight  per  cubic  foot,  well  shaken  (deposited  in  3-inch 

layers  and  shaken  by  hand  to  refusal) pounds,.  104.  2 

Elutriation  loss per  cent..  8.  5 

MECHANICAL   ANALYSIS 


Sieve  No. 

Cumu- 
lative 
percent- 
age re- 
tained 

Sieve  No. 

Cumu- 
lative 
percent- 
age re- 
tained 

Sieve  No. 

Cumu- 
lative 
percent- 
age re- 
tained 

3 

1.3 
3.6 

6.7 
12.7 
23.0 

14 

37.3 
51.2 
72.0 
87.8 
94.3 

65_ 

96.8 

4 

20      

100. 

98.5 

28 

150 

99.0 

8 

35                   

200— 

99.3 

10 

48        

Passing  200 

.7 

Specific  gravity 2.  59 

Percentage  of  solids,  material  tamped,  9  per  cent  moisture.  57.  6 
Percentage  of  solids,   material  well  shaken,  9  per  cent 

moisture 50.  8 

Percentage  of  solids,  material  loose,  9  per  cent  moisture..  43.  5 

Percentage  of  air  voids,  material  loose 45.  4 

Percentage  of  air  voids,  materials  well  shaken 36.  2 

Percentage  of  air  voids,  material  tamped 27.  7 

The  clay  used  in  constructing  the  fills  of  that  mate- 
rial was  obtained  from  a  nearby  borrow  pit.  The 
physical  characteristics  as  determined  at  suitable  in- 
tervals are  given  in  Table  2. 
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Table  2. — Average  test  values  of  clay  used  in  fill 

Percentage  of  clay  as  determined  by  elutriation 43.  9 

Cementation  test   (number  of  blows  necessary  to  cause 
failure) 160 

SIEVE   ANALYSIS   ON   RESIDUE   LEFT   AFTER   ELUTRIATION- 


Sieve  No. 

Cumu- 
lative 
percent- 
age re- 
tained 

Sieve  No. 

Cumu- 
lative 
percent- 
age re- 
tained 

Sieve  No. 

Cumu- 
lative 
percent- 
age re- 
tained 

8 

0 
1.0 

30 

8.7 
25.8 

100 

34  3 

14 

65 

Ketained  on  200.. 

55  9 

Weight  per  cubic  foot,  determined  >)y  weighing  a  cubic  foot  of  soil  as  cut  from 
each  1-foot  increment  in  placing  fill,  121  pounds. 

SAND  FILL  USED  FOR  FIRST  TESTS 

The  pipe  used  in  this  test  was  of  cast  iron  and  had 
an  inside  diameter  of  30  inches  and  a  barrel  thickness 
of  1  inch.  The  four  test  sections  were  placed  as  previ- 
ously described  (50  per  cent  submerged  below  the 
concrete  roof),  care  being  taken  to  see  that  the  scales 
were  in  proper  working  order  and  that  the  pipe  sec- 
tions were  centered.  Approximately  1  inch  of  clearance 
was  allowed  between  the  pipe  and  the  concrete  roof 
slab,  and  about  half  an  inch  was  allowed  between  the 
pipe  sections.  A  canvas  tarpaulin  was  spread  over  the 
pipe  sections  and  tucked  around  them  in  such  a  man- 
ner as  to  prevent  water  and  sand  from  coming  through 
the  cracks.  This  was  done  carefully  to  avoid  any  re- 
straint upon  the  movement  of  the  sections. 

Sand  was  filled  around  the  pipe  until  it  was  level 
with  the  top,  being  done  with  hand  shovels  to  prevent 
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Figure  5. — Results  of  Tests  with  Sand  Fill  on  Cast- 
Iron  Pipe — 50  per  cent  Projection 

a  displacement  of  the  sections.  Each  scale  was  bal- 
anced by  running  the  counterpoise  in,  and  the  pressure 
was  then  observed  and  recorded.     The  actual  active 


pressure  on  the  pipe  at  this  point  was  the  difference 
between  the  initial  tare  weights  and  the  final  weights 
as  indicated  by  the  scales.  Filhng  was  continued  in 
increments  of  1  foot,  the  material  being  hauled  upon 
the  fill  in  wagons  and  dumped.  Each  layer  was  care- 
fully brought  to  grade  and  leveled,  control  being  main- 
tained by  a  bench  mai'k  referenced  to  the  top  of  the 
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Fkjuuk  G.      CiiLcKixG  Fill  Elevation 

pipe  sections.  The  height  of  fill  was  considered  as  so 
many  feet  above  the  top  of  the  pipe,  a  10-foot  fill  mean- 
ing 10  feet  above  the  top  of  the  pipe  and  not  above  the 
concrete  slab  where  it  actually  started.  The  active 
pressures  were  determined  for  each  increment  of  fill 
height,  as  described  for  the  fill  when  level  with  the  top 
of  pipe. 

A  roadway  width  of  24  feet  was  maintained  through- 
out the  construction  of  the  fill  and,  except  during  actual 
work  on  the  fill  or  during  pressure  observations,  a 
tarpaulin  was  kept  over  the  surface  in  order  to  prevent 
appreciable  variations  in  the  moisture  content.  This 
tarpaulin  was  used  in  all  tests  except  in  the  determina- 
tion of  time  and  weather  effects. 

Filling  was  started  June  11,  1924,  and  was  completed 
at  a  height  of  20  feet  on  October  1,  1924.  Readings 
were  taken  at  various  intervals  as  the  fill  was  removed, 
and  recorded  in  the  same  manner  as  those  obtained 
while  the  fill  was  being  placed. 

Figure  5  shows  the  results  of  this  first  test  in  graphic 
form.  The  scale  readings  were  converted  into  pounds 
per  lineal  foot  by  dividing  each  reading  by  the  length 
of  the  pipe  sections,  2)2  feet,  and  then  computing  the 
average  for  the  four  sections.  The  curve  shows  the 
height  of  fill  plotted  against  the  pressure  on  the  pipe. 
The  weight  of  the  material  directly  over  the  culvert 
as  computed  from  the  actual  weight  per  cubic  foot  is 
also  shown  plotted  on  the  same  scale. 

Assuming  W  equals  the  weight  of  the  prism  of  earth 
directly  over  the  culvert  pipe  and  P  ecpials  the  pressure 

P 

transmitted  to  the  scales,  a  ratio,  K=v^  may  be  de- 
termined for  the  dift'erent  heights  of  fill.  For  a  fill 
of  4  feet,  K  approaches  unity  and  decreases  as  the 
height  of  fill  increases.  For  a  fill  of  20  feet  K  becomes 
0.807. 

The  curves  show  that  for  ec{ual  heights  of  fill  the 
pressures  during  removal  were  greater  than  during  the 
filling.  This  was  because  the  pipe  was  already  deflected 
during  removal.  The  pressure  upon  the  top  of  the 
pipe  was  lessened  as  the  earth  was  removed  and  the 
pipe  tended  to  recover  its  original  shape.  It  was  par- 
tially restrained  by  the  passive  pressure  of  the  prism  of 
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earth.  Thus,  the  pipe  acted  as  a  compressed  spring 
and  exerted  an  upward  pressure  until  the  passive  pres- 
sure could  be  overcome.  Equilibrium  between  the 
"spring"  pressure  of  the  pipe  and  the  passive  pressure 
of  the  soil  was  maintained  throughout  the  removal  of 
the  fill. 

TESTS  WITH  CLAY    FILL  AND  50  PER  CENT  PROJECT  ON  MADE 

The  apparatus  used  in  this  test  was  the  same  as  that 
used  in  the  preceding  sand-fill  test,  the  same  30-inch 
cast-iron  pipe  being  used. 

The  procedure  for  obtaining  the  scale  pressures  was 
also  the  same  as  in  the  preceding  test.  However,  after 
the  3-foot  level  had  been  reached,  the  clay  was  rolled 
at  each  1-foot  mcrement  by  a  4-ton  road  roller.  It 
was  not  rolled  before  the  3-foot  level  had  been  reached 
because  of  the  danger  of  displacmg  the  pipe.  It  was  not 
practical  to  maintain  a  uniform  width  of  roadway  by 
filling  on  the  slopes  at  each  increment  in  height,  as  with 
the  sand;  so  the  bottom  of  the  fill  was  made  sufficiently 
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TRENCH   CONDITION   RESULTS  IN   REDUCTION   OF   PRESSURE   ON 

PIPE 

A  second  test  with  clay  filling  material  was  performed 
upon  cast-iron  pipe  m  what  was  termed  the  "trench 
condition."     The  trench  condition  is  that  in  which  pipe 

1925 


Figure  7. — Results  of  Tests  with  Clay  Fill  on  Cast- 
Iron  Pipe — 50  per  cent  Projection.  Weights  Indi- 
cated BY  Star  Obtained  by'  an  Approximate  Method 
AND  NOT  Used  in  Calculations,  other  Weights 
Obtained  by  Weighing  Sample  Cut  from  Embankment 

wide  to  permit  a  1)2  to  1  slope,  giving  a  roadway  width 
of  23  feet  at  the  completed  height  of  fill. 

Fillmg  was  started  on  November  20,  1924,  and  was 
completed  on  December  22,  1924.  A  height  of  14 
feet  was  reached. 

The  removal  of  the  fill  was  started  as  soon  as  the 
filling  was  completed  and  was  done  in  2-foot  decre- 
ments. The  earth  pressure  transmitted  to  the  scales 
was  determined  at  each  decrement.  This  operation  was 
completed  on  January  27,  1925. 

Figure  7  shows  that  the  pressure  on  the  pipe  in  this 
test  was  approximately  equal  to  the  weight  of  the  earth 
directly  over  it.  The  variation  was  almost  negligible, 
and  so,  for  this  test,  E=l. 

The  pressures  durmg  removal  of  the  fill  were  greater 
than  during  the  filling  at  equal  heights,  as  in  the  first 
test  and  for  the  same  reason. 
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PRESSURE  ON  CULVERT-  POUNDS  PER  LINEAL  FOOT 

Figure  8. — Results  of  Tests  with  Clay  Fill  on  Cast- 
Iron  Pipe — 50  per  cent  Projection,  Trench  Condition 

is  installed  with  its  upper  surface  below  the  level  of  the 
ground  alongside.  To  insure  proper  seating  of  the 
pipe  sections  and  to  avoid  installmg  the  sections  in  a 
narrow  trench,  the  following  procedure  was  adopted. 
The  clay  fill  was  built  to  a  height  of  4.15  feet  above  the 


Figure   9.- 


-Condition    op   Fill   at    End    of    Time  and 
Weather  Tests 


top  of  the  pipe  and  a  trench  3.5  feet  wide  was  dug  to 
expose  the  entire  length  of  pipe  under  the  fill.  The 
trench  was  then  back  filled  loosely  by  hand  until  the 
level  of  the  4.15-foot  fill  was  reached.  From  this  point 
the  filling  was  carried  on  by  teams  and  wheelers  until  a 
height  of  1 1 .05  feet  had  been  reached.  The  last  6  inches 
of  fill  placed  was  sand. 

As  in  the  preceding  test,  this  fill  was  rolled,  and  the 
effect  of  live  loads  was  also  observed.  It  was  found 
that  the  vertical  pressures  on  the  pipe  were  less  in  the 
trench  condition  than  in  the  preceding  50  per  cent 
projection  condition  test,  using  the  same  filling  material. 
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Figure    10. — Effect   of   Time    and    Weather   on    Pressure    Exerted   on  Cast-Iron  Pipe,  Clay  Fill  11.05  Feet  Deep, 

50  Per  Cent  Projection,  Trench  Condition 


This  is  clearly  shown  by  a  comparison  of  Figures  7 
and  8. 

TIME  AND  WEATHER  TESTS  MADE 

On  the  completion  of  the  fill  in  the  trench  condition 
test  it  was  decided  to  allow  the  fill  to  remain  in  place 
for  one  year  to  study  the  effect  of  time  and  weather 
upon  the  earth  pressures  transmitted  to  the  pipe. 
The  test  was  begun  February  25,  1925,  and  extended 
through  May,  1926. 

The  pressures  decreased  from  March  3,  1925,  to  the 
middle  of  August,  when  a  total  decrease  of  33  per  cent 
had  taken  place.  After  that  time  a  slow  increase 
occurred,  until  at  the  conclusion  of  the  test  approxi- 
mately one-third  of  the  lost  pressure  had  been  recovered. 

The  rapid  decrease  in  pressure  may  be  attributed  to 
the  drying  and  shrinking  of  the  initially  saturated  clay, 
resulting  from  the  summer's  unusually  low  rainfall. 
The  increase  in  pressure  is  probably  the  result  of  a 
slow  failure  of  the  trench  and  of  an  increase  in  moisture 
content  of  the  clay  during  the  fall  and  winter  months. 

Variations  in  the  ramfall  have  but  little  effect,  if  any, 
upon  the  pressure,  as  shown  in  Figure  10. 

CONCENTRATED  LOADS  APPLIED  THROUGH  FILL 

Because  of  the  lack  of  data  concerning  the  transmis- 
sion of  pressure  through  soils,  especially  that  of  live 
loads  through  embankments  to  culvert  pipe,  it  was 
decided  to  investigate  the  additional  pressure  due  to 
traffic. 

At  each  observation  of  the  pressure  on  both  the  clay 
fills  with  the  50  per  cent  projection  and  the  50  per 
cent  projection  with  trench  condition,  a  4-ton  road 
roller  was  moved  along  the  center  line  of  the  roadway 
over  the  test  sections,  from  a  point  where  no  effect 
upon  the  scales  was  perceptible  to  a  point  where  the 
effect  had  disappeared,  halting  at  intermediate  positions, 
usually  2  feet  apart,  for  a  complete  observation  of  the 
'^arth  pressure  transmitted  to  the  scales. 

To  conform  with  the  other  data  tabulated  the 
increases  were  calculated  in  pounds  per  Imeal  foot  of 
pipe.  Up  to  the  8-foot  level,  the  two  inside  scales 
received  much  greater  increases  in  pressure  than  the 
two  outside  scales;  and  since  it  was  desirable  to  obtain 
the  maximum  effect,  the  two  scales  nearest  the  center 
line  were  averaged.  Above  the  8-foot  level,  all  four 
scales  were  averaged  because  the  increments  were 
approximately  the  same. 


It  was  found  that  there  was  a  residual  pressure  on  the 
pipe  after  the  passing  of  the  roller  for  the  first  50 
per  cent  projection  condition  but  not  for  the  trench 
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distance  of  front  roller  from  center  line  of  culvert  -  feet 
Figure  11. — Result  of  Live  Load  Tests  with  4-ton  Roller 

condition.  Representative  curves  for  both  50  per 
cent  projection  conditions  are  shown  in  Figure  11,  using 
the  average  increment  in  pounds  per  lineal  foot  as 
ordinates  and  the  position  of  the  front  roller  of  the 
road  roller,  with  reference  to  the  center  line  of  the 
culvert,  as  abscissas.  The  maximum  increase  of 
pressure  occurred  when  the  rear  or  heavy  roller  was 
directly  over  the  center  line  of  the  culvert.  The 
increase  in  pressures  for  low  fills  is  quite  marked. 

For  the  trench  condition  the  increase  was  not  marked 
unless  one  of  the  rollers  was  over  the  trench.  (Fig.  11.) 
It  appeared  that  after  the  passage  of  the  roller  over 
the  7.05  and  5.4  foot  fills,  trench  condition,  there  was 
less  pressure  than  before.  No  reasonable  explanation 
for  this  phenomenon  has  been  discovered. 

SECOND  SERIE.S  OF  TESTS  OUTLINED 

On  completion  of  the  50  per  cent  projection  tests 
the  results  indicated  the  importance  of  continuing  the 
experiments  according  to  a  well-defined  outline.  The 
work  suggested  was  as  follows : 

1.  Alt  pipe  to  be  placed  under  the  fill  in  a  100  per 
cent  projection  condition. 
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2.  Vertical  pressures  to  be  measured  by  means  of    Since  the  columns  were  designed  to  support  the  pipe 
scales.  in  the  50  per  cent  projection  tests  it  was  necessary  to 

3.  Radial  pressures  to  be  measured  by  means  of  soil-    raise  the  support  to  the  level  of  the  top  of  the  chamber 
pressure  cells.  for  the  100  per  cent  condition.     Concrete  caps  were 

4.  Pipe  of  various  degrees  of  rigidity  to  be  used  so    placed  on  top  of  the  columns,  and  were  made  to  fill 
that  deflections  under  the  fill  loads  would  be  varied    the  opening  with  clearance  enough  to  permit  vertical 

motion  without  touching  the  sides  of  the  slot.  (Fig. 
13.)  A  sheet  of  canvas  was  placed  across  the  column 
caps  with  sufficient  overlap  onto  the  adjoining  slab 
to  prevent  sand  and  water  from  entering  the  weighing 
chamber. 

The  test  sections  were  carefully  placed  on  the 
column  caps  so  as  to  insure  an  independent  move- 
ment of  each  section.  Blank  sections  of  the  same 
type  as  the  test  sections  were  placed  at  each  end  so 
as  to  produce  the  efl^ect  of  a  continuous  pipe  across 
the  entire  fill. 

New  Goldbeck  soil-pressure  cells  of  the  improved 
brass  type  were  attached  to  the  test  sections  by  means 
of  small  steel  brackets  and  }^-inch  bolts,  as  shown  in 
Figure    14.     The    bolts    extended    through    the    walls 


Figure  12. 


'Fill  Stepped  Back  to  Prevent  Arch  Action 
OF  THE  Soil  over  Fife 


from  practically  zero  to  the  maximum  permissible, 
without  causing  failure. 

5.  Two  sizes  of  pipe  to  be  tested. 

The  clay  fill  used  in  the  time-and-weather  tests  was 
removed  to  the  level  of  the  top  of  the  box  culvert  for  a 
distance  of  12  feet  on  each  side  of  the  test  pipe  and 


Figure  13. — Arrangement  for  Pipe 
Support  in  100  Per  Cent  Projec- 
tion Tests 

the  sides  were  stepped  back  on  a  slope  of  45°  as  shown 
in  Figure  12,  to  prevent  any  tendency  of  the  filhng 
material  to  wedge  or  arch  over  the  pipe.  The  scales 
were  removed,  cleaned,  and  recalibrated,  and  then 
replaced  with    the    columns,   as  in   the  former  tests. 


Figure    14. — Position   of   Pressure   Cells 
on  Corrugated  Metal  Pipe 

of  the  ])ipe,  except  in  the  case  of  the  cast  iron,  solid 
plug,  and  concrete  sections.  In  these  cases  the 
cells  were  bolted  to  light  sheet-metal  bands  which 
were  securely  fastened  around  the  pipe.  The  cells  were 
placed  on  a  circumference  of  each  section  spaced  at  45°, 
the  one  at  the  bottom  point  being  omitted. 

The  location  and  notation  of  the  cells  Nos.  1  to  7 
are  shown  by  Figure  15.  Cell  No.  4  measures  vertical 
pressure  at  the  top  of  the  pipe;  Nos.  2  and  6,  the 
horizontal  pressure;  Nos.  3  and  5,  the  pressure  at 
45°  from  the  vertical,  on  the  upper  side  of  the  pipe; 
and  Nos.  1  and  7,  at  the  same  angle  from  the  vertical, 
on  the  under  side  of  the  pipe.  The  cells  were  not 
countersunk,  hence  their  top  surfaces  were  Iji  inches 
above  the  plane  of  the  supporting  surface.  Flexible 
connections  consisting  of  heavy  rubber  hose  were 
used  to  convey  air  and  the  electric  wiring  to  the 
edge  of  the  slot.  From  this  point  }^-inch  metal  pipes 
led  to  the  indicating  instruments  in  the  chamber  below. 
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Each   cell  was   provided  with   a  separate  connection 
and  was  entirely  independent  of  all  others. 

The  deflections  were  measured  with  a  special  Browne 
&  Sharpe  inside  pipe  micrometer,  reading  to  one- 
thousandth  of  an  inch.  The  deflections  of  the  30-inch 
pipe  were  measured  on  six  diameters;  the  horizontal, 
the  vertical,  and  at  30°  and  60°,  respectively,  from 
the  vertical  on  each  side  of  the  pipe.  These  diameters 
are  shown  in  Figure  15,  and  are  designated  DD' 
AA',  BB',  FF',  CC,  and  EE'.  Indentions  were 
drilled  at  these  points  for  the  insertion  of  the  ends  of 
the  micrometer.     In  the  case  of  all  the  20-inch  pipe 


NO  4 


NO  6 


Figure  15. — Arrangement  of  Pres- 
sure Cells  on  Pipe  Circumfer- 
ence 

and  the  30-inch  concrete  pipe,  only  the  horizontal 
and  vertical  deflections  were  read. 

The  tests  on  the  various  pipes  were  made  und(>r 
as  nearly  similar  conditions  as  possible.  The  flU 
was  made  of  the  same  sand  used  in  the  earlier  tests 
and  was  placed  in  the  fill  with  drag  pans.  The  teams 
moved  in  a  direction  parallel  to  the  pipe  until  the 
1-foot  level  was  reached.  Up  to  this  level  the  sand 
was  thrown  around  and  over  the  pipe  by  hand  and 
lightly  tamped  with  shovel  handles.  After  the  1-foot 
level  had  been  reached  the  teams  traveled  in  a  direction 
at  right  angles  to  the  length  of  the  pipe. 

The  fill  was  built  in  1-foot  increments  with  a  roadway 
width  of  24  feet.  The  side  slopes  were  constructed  by 
allowing  the  material  to  fall  freely  over  the  shoulders. 
At  each  foot  of  height  the  fill  was  leveled  off  to  within 
0.05  =F  foot  of  the  nominal  height.  A  Y-level  was 
used  for  controlling  the  grade.  Unusual  care  was 
taken  to  prevent  material  being  piled  above  the  eleva- 
tion at  which  the  next  set  of  readings  was  to  be  taken. 
A  maximum  fill  height  of  12  feet  was  used  for  all  the 
tests. 

Scale  readings  indicating  total  vertical  load,  cell 
pressures  indicating  radial  pressures,  and  diameter 
measurements  indicating  deflections  were  recorded  for 
each  foot  of  fill  placed  and  at  intervals  of  2  or  4  feet 
while  it  was  being  removed.  The  scale  counterpoise 
was  kept  on  the  outer  end  of  the  beam  and  brought 
in  to  the  balancing  point  when  a  reading  was  taken, 
thus  recording  the  active  pressure. 

The  weight  of  the  filling  material  was  determined 
from  a  sample  obtained  by  driving  into  the  fill  a  steel 
cylinder  of  /i-cubic  foot  capacity  and  sharpened  on 
the  lower  edge. 

The  percentage  of  moisture  present  in  the  fill  was 
determined  from  a  sample,  of  not  less  than  500  grams, 
taken  from  the  material  present  in  the  cylinder  when 
a  weight  sample  was  taken.  The  tarpaulin  used  in 
covering  the  fill  eliminated  appreciable  variations  in 
the  moisture  content. 


DATA    SHOWS    RELATION     BETWEEN     HEIGHT    OF    FILL  AND 
DEFLECTION   AND  LOAD  ON  PIPE 


Tests  were  made  on  the  various  types  of  pipe  listed 
below : 

1.  30-inch,  smooth  iron  (thickness,  0.109  inch). 

2.  30-inch,  corrugated  metal  (thickness,  0.105  inch). 

3.  30-inch,  steel  tube  (thickness,  0.349  inch). 

4.  30-inch,  cast  iron  (thickness,  1  inch). 

5.  30-inch,  concrete  (thickness,  2}^  inches). 

6.  32-inch,  solid  plug. 

7.  20-in('h,  smooth  ii'on  (thickness,  0.076  inch). 

8.  20-inch  corrugated  metal  (thickness,  0.079  inch). 

9.  20-inch,  solid  plug. 

The  solid  plug  sections  were  obtained  by  filling  the 
20-inch  steel  tube  sections  and  the  30-inch  cast-iron 
sections  with  concrete. 

The  data  taken  in  the  field  for  each  foot  of  fill  con- 
sisted of  4  scale  readings;  7  cell  readings  for  each  sec- 
tion, making  a  total  of  28,  and  6  diameters  of  each 
section,  making  a  total  of  24.  Table  3  summarizes  this 
field  data,  and  is  arranged  in  the  order  in  which  the 
tests  were  run. 

The  four  scale  readings  were  added  and  the  sum 
divided  l)y  10  to  obtain  the  load  per  lineal  foot.  The 
values  obtained  with  the  fill  level  with  the  top  of  the 
pipe  were  adopted  as  zero  readings  and  were  used  as 
tare  values  to  be  subtracted  from  the  succeeding  values. 

The  outside  diameters  of  the  pipe  listed  as  30-inch 
pipe  vary  from  29  inches  for  the  concrete  to  32  inches 
for  the  solid  plug  and  the  cast-iron  pipe.  In  order  to 
have  a  uniform  basis  for  comparison  and  for  plotting, 
the  scale  readings  were  converted  to  a  value  equivalent 
to  a  i)ipe  of  30  inches  outside  diameter  by  simple 
proportion. 

The  deflections  were  determined  for  each  pipe  by 
comparing    the    measured    diameter    under    different 


2000  3000  4000 

load  '  pounds  per  lineal  foot 

Figure  16. — Vertical  Loads  Transmitted  to  30-Inch 
Pipe  (Correction  Made  for  Variation  from  30 
Inche.s),  100  Per  Cent  Projection  Condition,  by 
Various  Heights  of  Sand  Fill.  Numbers  in  Paren- 
theses Indicate  Thickness. 

heights  of  fill  with  the  diameter  recorded  for  the  fill 
level  with  top  of  pipe.  If  the  diameter  was  greater  or 
less  than  the  value  when  the  fill  was  at  the  top  of  the 
pipe,  it  was  called  plus  or  minus,  respectively.  The 
deflections  for  the  four  sections  in  each  test  were  aver- 
aged to  obtain  the  final  values. 

Some  of  the  cell  readings  were  unmistakably  erratic, 
and  it  was  decided  to  use  the  following  method  in 
obtaining  the  final  re])resentative  values.  All  cells  in 
the  same  relative*  position  were  considered  in  one 
group — for  example,  the  eight  cells  in  positions  1  and  7. 
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Table  3. — Results  of  field  tests  on  various  pipe,  100  per  cent  projection,  sand  fill 

SMOOTH  IRON 
[Diameter  30  inches,  0.109  inch  thick] 


Actual 

weight 

over  pipe 

Scale 
reading 

Ratio 
scale 
reading 
to  ac- 
tual 
weight 

Scale 
reading 
corrected 
to  30-inoh 
diameter 

Deflection  of  diameters 

Cell  pressures 

Mois- 
ture 

Weight 

Height  of  fill 

F-F' 

A-A' 

B-B' 

c-c 

D-D' 

E-E' 

1.7 

2,6 

3,5 

4 

per 
cubic 
foot 

Feet 
Mid-point 

Lbs.  per 

tin.  ft. 

72.2 

f       144. 3 

1         0 

267.  5 

535.0 

802.0 

1,  070.  0 

1,  337.  5 

1,  605.  0 

1,  872.  5 
2, 140.  0 

2,  407.  5 

2,  675.  0 
2, 942.  5 

3,  210.  0 
3,  210.  0 
3,  210.  0 
2, 140.  0 
1,  070.  0 

0 

Lbs.  per 

lin.ft. 
92.5 
133.0 

0 

232.5 

480.0 

673.5 

839.5 

978.0 

1,  120.  5 

1,261.0 

1,406.0 

1,  548.  5 

1,647.5 

1,811.0 

1,949.0 

1,  955.  0 

1,941.6 

1,482.5 

984.5 

64.5 

K 

1.27 
1.08 

.90 
.84 
.78 
.73 
.70 
.67 
.66 
.64 
.62 
.61 
.61 
.61 
.61 
.69 
.92 
1.00 

92.5 
133.0 

0 

232.5 

480.0 

673.5 

839.5 

978.0 

1, 120.  5 

1,  261.  0 

1,406.0 

1,  548.  5 

1,  647.  5 

1,811.0 

1, 949. 0 

1, 955.  0 

1,941.5 

1, 482.  5 

984.5 

64.5 

-0.  204 
0 

-.094 
-.171 
-.223 
-.  265 
-.285 
-.  313 
-.338 
-.360 
-.384 
-.412 
-.425 
-.455 
-.462 
-.470 
-.467 
-.464 
-.347 

-0.  234 
0 

-.108 
-.261 
-.383 
-.435 
-.477 
-.535 
-.583 
-.630 
-.678 
-.731 
-.758 
-.812 
-.825 
-.841 
-.835 
-.830 
-.590 

-0. 036 
0 

-.002 
-.054 
-.098 
-.  132 
-.149 
-.179 
-.179 
-.202 
-.234 
-.255 
-.267 
-.290 
-.  296 
-.302 
-.  .302 
-.300 
-.274 

+0.  204 
0 

+.092 
+.189 
+.246 
+.292 
+.315 
+.349 
+.375 
+.403 
+.475 
+.461 
+.471 
+.504 
+.514 
+.520 
+.515 
+.514 
+.299 

+0.  218 
0 

+.037 
+.019 
+.248 
+.318 
+.353 
+.403 
+.444 
+.484 
+.517 
+.569 
+.585 
+.631 
+.646 
+.656 
+.653 
+.653 
+.571 

+0. 027 
0 

+.002 
+.062 
+.105 
+.143 
+.163 
+.191 
+.212 
+.234 
+.250 
+.285 
+.287 
+.310 
+.318 
+.322 
+.321 
+.324 
+.252 

Per  cent 
4.8 

Pounds 
105.0 

0.9 
1.3 

1.7 
2.3 
3.4 
3.7 
4.4 
5.0 
4.6 
5.2 
5.7 
5.6 
7.9 
5.7 
4.9 
3.0 



1.4 
2.4 
3.2 
3.8 
4.0 
4.9 
5.5 
5.8 
6.5 
7.1 
7.7 
8.3 
9.2 
8.5 
7.1 
5.3 

1.5 
2.3 
3.0 
3.0 
3.2 
3.7 
4.3 
4.7 
4.7 
5.2 
5.8 
6.5 
6.7 
7.6 
5.3 
4.0 

1.0 
2.2 
3.1 
3.5 
3.8 
3.9 
5.4 
4.9 
5.4 
5.8 
6.3 
6.7 
7.3 
6.9 
5.2 
4.9 

6.2 

5.8 

'""'5."7' 

I _ 

109.0 

2  ..                            

106.0 

3 

106.5 

4 

5. 

6... 

5.2 

8 

5.0 
5.9 

105.0 

9 

103.0 

10 

11 

5.2 

104.0 

12 

12 

12 

8... 

4.7 
6.0 
4.2 

106.5 

4 

105.0 

Top  of  pipe =0...  .-  - 

1 

CORRUGATED  METAL i 
[Diameter  31.5  inches,  0.103  inch  thick] 


Mid-point 

79.2 
0 

281.0 
562.  1 
843.1 

1, 124.  2 

1,  405.  2 
1, 086. 3 

1,967.3 

2,  248. 4 
2,  529.  4 
2,  810.  5 

3,091.5 

3, 372.  6 

2,  248.  4 
1, 124.  2 

0 

112.3 

0 
318.8 
610.5 
847.3 

1,057.5 

1,  270.  3 

1,  474.  8 

1,676.0 
1,887.5 

2,  083.  5 
2,  285.  3 

2,  476.  0 

2,  600.  0 

2,116.5 
1,438.3 

72.3 

1.42 

0 

1.14 

1.08 

1.00 

.94 

.90 

.87 

.85 
.84 
.82 
.81 

.80 

.80 

.94 
1.28 

106.9 

0 
308.  6 
581.5 
806.9 

1.  007.  2 

1,  209.  8 

1, 404.  6 

1,  596.  2 

1,  797.  7 
1, 984.  4 
2, 186.  1 

2, 358.  2 

2,561.9 

2,  015.  8 
1,  370.  3 

68.9 

-0.  005 
0 

-.021 
-.038 
-.049 

-.058 

-.074 

-.086 

-.099 
-.111 
-.122 
-.137 

-.145 

-.162 

-.161 
-.152 

-.029 

-0.007 
0 

-.054 
-.098 
-.124 

-.149 

-.183 

-.209 

-.239 
-.  269 
-.292 
-.324 

-.345 

-.379 

-.381 
-.364 

-.102 

-0.  006 
0 

-.020 
-.  036 
-.049 

-.053 

-.069 

-.078 

-.095 
-.106 
-.117 
-.127 

-.138 

-.145 

-.145 
-.141 

-.034 

+0.  006 
0 

+.023 
+.043 
+.055 

+.074 

+.086 

+.099 

+.112 
+.  123 
+.134 
+.149 

+.162 

+.179 

+.179 
+.171 

+.041 

+0. 016 
0 

+.047 
+.078 
+.104 

+.128 

+.155 

+.177 

+.200 
+.224 
+.243 
+.274 

+.300 

+.322 

+.322 
+.311 

+.083 

+0.  005 
0 

+.023 
+.040 
+.053 

+.065 

+.072 

+.090 

+.102 
+.114 
+.124 
+.139 
+.148 

+.162 

+.  165 
+.161 

+.048 

(') 
6.3 
-9.2 

(') 

Topofpipe=0 

'104.0 

1 

2.2 
3.7 
3.1 

5.9 

6.9 

7.7 

8.8 
10.5 
11.7 
12.6 

13.0 

13.1 

9.5 
4.0 

2.2 
2.9 
3.4 

3.9 

4.6 

4.9 

5.7 
.5.7 
6.8 
7.9 

7.2 

8.1 

6.1 
4.2 

1.7 
2.4 
2.7 

3.1 

3.8 

4.2 

5.0 
5.3 
5.7 
6.5 

6.8 

7.6 

6.4 
5.6 

1.2 
2.9 
3.1 

4.1 

4.8 

5.4 

6.1 
6.9 
7.6 
8.5 

9.3 

10.5 

8.5 
5.7 

■> 

'  103.  5 

3  . 

4....              

{ 

{ 

"8.1 
'6.7 
'■7.5 
"6.6 
'5.3 

«  107. 0 

0 

0 - - 

'  99.0 
""'"i03.'5 

8 

9. 

10. 

«7.2 
"6.0 

»  103.  5 
'104.0 

ll.._. 

{ 

{ 

-7.9 
'5.7 
«6. 1 

'5.7 
'5.5 
'6.2 
«7.2 
'5.7 

'  103. 5 

12 

'  102.  5 

S... 

'  105.  0 

4 

Top  of  pipe  =  o 

'  107. 5 
°  112.5 

'  107. 5 

STEEL  TUBE  ' 
[Diameter  30  inches,  0.349  inch  thick] 


Mid-point.... 
Top  of  pipe =0 
1 

2      _ 

4 _ 

5 _ 

(5..- _. 

10- 

11 

12.... _ 

8 

4 

Top  of  pipe... 


77.2 
144.3 

0 

267.  5 

535.0 

802.5 

1,070.0 

1,  337.  5 

1,  605.  0 

1,  872.  5 
2, 140.  0 

2,  407.  5 
2,  675.  0 

2,  942.  5 

3,  210.  0 

2, 140.  0 

1,070.0 
0 


113 
280.8 

0 
303.1 
560.8 
816.0 
019.5 
287.5 
470.8 
679.3 
900.  3 
107,8 
351.0 
569.0 
2,  795.  0 

2,241.5 

1,526.8 
44.3 


1.54 
1.94 
0 

1.13 
1.05 
1.02 
.95 
.96 
.92 


.87 
.87 

1.05 

1.42 


111.3 
280.8 

0 
303.1 
560.  8 
816.0 
019.5 
287.5 
470.8 
679.3 
900.3 
107.8 
351.0 
569.0 
795.0 


2,  241.  5 
1,  526.  8 


0 

-.014 
-.024 
-.037 
-.040 
-.053 
-.054 
-.063 
-.079 
-.085 
-.101 
-.107 
-.117 

-.119 

-.117 
-.010 


0 

-.033 

-.067 

-.081 

-.100 

■'  -.  103 

2  -.112 

2  -.  131 

-.174 

-.195 

-.220 

-.239 

-.261 

-.267 

-.250 
-.219 


0 

-.014 

-.024 

-.028 

-.040 

!  -.  022 

I  -.  023 

'  -.  032 

-.064 

-.075 

-.084 

-.094 

-.090 

-.106 

-.084 
-.012 


0 

+.014 

+.023 

+.044 

+.  056 

2  +.  064 

2  +.  077 

2  +.  087 

+.097 

+.100 

+.121 

+  123 

+.139 

+.141 

+.137 
+.024 


0 

+.025 

+.044 

+.066 

+.  080 

2  +.  080 

2  +.  093 

2  +.  Ill 

+.156 

+.170 

+.194 

+.211 

+.234 

+.244 

+.230 
+.043 


0 

+.012 

+.212 

+.0.50 

+.042 

2  +.  027 

2  +.  035 

2  +.  043 

+.076 

+.090 

+.096 

+.111 

+.122 

+.128 

+.116 
+.026 


0.8 
.7 
.J 
1.3 
1.3 
1.8 
1.9 
2.0 
2.4 
2.4 
3.2 
3.6 

2.0 


2.0 
2.7 
3.0 
3.6 
4.2 
4.4 
4.7 
5.1 
5.5 
6.3 
6.9 
8.2 

6.2 

3.3 


1.7 
2.4 
3.2 
3.6 
4.4 
5.1 
5.9 
6.1 
7.2 
8.1 
8.5 
8.8 

7.8 

5.4 


1.3 
2.4 
3.0 
3.7 
3.7 
4.4 
4.8 
5.3 
5.6 
6.4 
6.7 
7.5 

6.5 

4.8 


(') 


'4.7 
'3.9 
•8.3 


'5.5 
'"'"7."6' 


'5.0 
''7.5 


•6.7 
'4.9 
'4.5 
'4.9 


See  footnotes  at  end  of  table. 

The  eight  readings  were  hsted  in  order  of  magnitude 
and  the  median  determined  by  taldng  the  average  of 
the  middle  two.  The  highest  and  lowest  value  of  the 
eight  values  listed  were  then  compared  with  the  median 
and  the  one  closest  to  the  median  was  retained  and  all 
values  numerically  more  distant  from  the  median  were 
discarded.  The  remaining  values  were  averaged  and 
the  result  recorded. 

The  loads  on  the  30-inch  pipe  of  various  types  are 
shown  graphically  in  Figure  16.     The  values  plotted 


were  those  obtained  by  reducing  the  scale  readings  of  all 
the  pipe  to  a  value  equivalent  to  a  30-inch  diameter. 
Figure  17  shows  the  vertical  loads  for  the  20-inch  pipe. 
Figures  16  and  17  show  that,  except  for  the  first  few  feet 
of  fill,  the  load  carried  increases  with  the  height  of  fill 
at  a  uniform  rate.  A  study  of  these  two  sets  of  curves 
also  indicates  a  direct  relation  between  the  vertical  load 
and  the  flexibility  of  the  pipe. 

Figures  18  and  19  show  the  load-deflection  relation 
of  the  various  pipes.     For  the  more  rigid  pipes  this 
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Height  of  nil 


T.\BLE   3. —  Rctiultfi  of  field  tests  on  various  pipe,  100  per  cent  pnijeclinri,  sniid  fill — Continued 

CAST   IRO.V 
[Diameter  32  inelies,  1.0  iiicii  Ihiflil 


Feet 
Mid-point 

Top  of  pipe=0 

1 

2_ 

3.'.'. 

3 

4 

S'.'-'/- 

9 

10 

11 

12 

10 

8 : 

6 

4 

2 

Top  of  pipe 


Actual 

weight 

over  pipe 


{  'V} 


Lbs.  per 

tin.  ft. 
81.3 
163.0 

0 

285.3 

570.6 

855.0 

855.0 

1,141.2 

1, 426.  5 

1,711.8 

1,997.1 

2,  202.  4 

2,  567.  8 

2,  853. 1 

3, 138.  4 

3, 423.  7 

2,  853. 1 

2,  282.  4 

1,711.8 

1,141.2 

570.  6 

163.  0 

0 


Scale 
reading 


Lbs.  per 
tin.  ft. 
65. 0 

0 

430.0 

730.  0 

1,062.5 

1,  063.  0 

1,445.0 

1,  806. 0 
2, 160.  5 

2,  500.  5 
2,831.0 

3,  265.  0 

3,  680. 0 
4, 028.  0 

4,  350.  0 
3, 979. 5 
3, 504. 0 
2.  915.  0 
2,113.5 

990.  5 

117.0 

0 


Ratio 
scale 

reading 
to  ac- 
tual 

weight 


0.80 

1.  .55 

1.51 
1.28 
1.24 
1.24 
1.27 
1.26 
1.26 
1.25 
1.24 
1.27 
1.29 
1.28 
1.27 
1.29 
1.53 
1.70 
1.85 
1.73 
.72 


Scale 
reading 
corrected 
to  30-inch 
diameter 


61.  0 
237  01 
'»  I 
410.5 
685.0 
995.0 
997.0 

1,  365. 0 
1, 690. 0 
2.000.1 

2,  318.  9 

2,  628.  7 
3,045.0 
3,424.7 
3,780.0 
4,  080.  0 

3,  700.  0 
3,280.0 
2,725.0 
1,995.0 

928.0 
109.0 
0    I 


Deflection  of  diameters 


F-F' 

A-A' 

B-B' 

C-C 

D-D' 

E-E' 

-0.  001 

-0.  004 

-0.  005 

-0,  OO'J 

+0.  003 

-0,001 

0 

0 

0 

0 

0 

0 

-.005 

-.006 

-.003 

+.  003 

+.  005 

+.001 

-.  OOU 

-.014 

-.007 

+.008 

+.012 

+.004 

-.012 

-.021 

-.009 

+.012 

+.  021 

+.  009 

-.012 

-.022 

-.009 

+.  019 

+.  022 

+.010 

-.010 

-.030 

-.013 

+.016 

+.028 

+.013 

-.021 

-.039 

-.017 

+.  022 

+.038 

+.017 

-.025 

-.048 

-.020 

+.027 

+.046 

+.021 

-.027 

-.057 

-.  023 

+.  032 

+.  054 

+.  028 

-.033 

-.005 

-.027 

+.  036 

+.  0B2 

+.  029 

-.038 

-.077 

-.034 

+.041 

+.  073 

+.034 

-.043 

-.088 

-.038 

+.046 

+.082 

+.  010 

-.018 

-.098 

-.042 

+.  051 

+.091 

+.014 

-.057 

-.107 

-.045 

+.048 

+.101 

+.  049 

-.019 

-.103 

-.043 

+.  055 

+.098 

+.  018 

-.051 

-.  096 

-.  043 

+.  050 

+.  092 

+.045 

-.041 

-.085 

-.  036 

+.  015 

+.082 

+.041 

-.031 

-.066 

-.02S 

+.  039 

+.  065 

+.  032 

-.016 

-.033 

-.(111 

+.  020 

+.  034 

+.017 

1  -.001 

-008 

-.002 

+.  008 

+.  012 

+.  00! ; 

Cell  pressures 


1.7     I      2,6 


1.1 
1.6 
1.9 
2.0 
2.1 
2.4 
3.7 
3.9 
3.  6 
4.3 
4.5 

->'.  3 
3.  K 
2.x 
2.0 
1.6 
0.9 


0.7 
1.4 
1.7 
1.8 
2.0 
2.1 
2.8 
2.7 
2.9 
3.5 
3.8 
4.1 
4.1 
2  8 
2.3 
2.0 
1.0 
0.7 


3.2 
3.4 

4.2 
,5.8 
.5.1 
6.1 
7.3 
8.2 
8.9 
9.4 
9.8 
7.6 
7.8 
4.8 
.5.0 


1.2 

2.0 

3.  9 

3.9 

.5.0 

6.4 

7.7 

9.2 

10.8 

15.6 

14.x 

16.  2 

17.9 

17.4 

1.5.8 

14.0 

11.5 

4.3 


Mois- 
ture 


Per  cent 


Weight 

per 
cubic 

foot 


6.7 


Pounds 


1.3.0 
7.1 


9.3 
12.0 
6.9 
8.7 
6.  1 


103. 


104.0 


6.  2  I       l(i;(.  0 
7.3        "lOS.'o 


110.0 
105.  0 
110.  0 
1 11.0 
10-1.0 

ioi;.ii 

107.0 
I  I  1.0 


CONCRETE 

[Diameter  29  inches,  2K>  inches  thick] 


Top  of  pipe=0--.  

0 

258.6 

517.2 

775.8 

1, 034. 4 

1,290.0 

1,  548.  6 

1,  807.  2 
2, 065. 8 

2,  324.  4 
2,  583.  0 
2,841.6 
3, 100.  2 
3, 100.  2 
3, 100.  2 
3, 100.  2 
3, 100.  2 
3, 100.  2 
2, 065. 8 
1, 034.  4 

0 

0 

378.5 

752  5 

1, 183.  0 

1,  521.  0 

1,  900.  5 

2,  340.  5 

2,  692.  0 
2, 946.  0 

3,  331.  5 
3,  620.  0 

3,  885.  5 

4,  021.  0 
4,  066.  0 
2,  774.  0 
2,  015.  5 
1, 166.  0 

357.5 

409.5 

273.5 

/  -190.5 

\          0 

1.46 
1.45 
1.63 
1.47 
1.47 
1.51 
1.49 
1.43 
1.43 
1.40 
1.37 
1.30 
1.31 
0.89 
0.67 
0.38 
0.12 
0.19 
0.27 

0       

0 
+0.001 
+.002 
.000 
-.001 
-.002 
-.004 
-.005 
-.011 
-.019 
-.025 
-.032 
-.  058 
-.060 

0 
+0.  002 
+.005 
+.006 
+.007 
+.012 
+.011 
+.014 
+.019 
+.027 
+.  033 
+.045 
+.075 
+.  091 

110  0 

1      . 

391.5  

778.5 

1.5 
1.5 
2  0 
1.7 

2.  1 
2.1 
2.4 
2.3 
2.9 
3.0 

3.  2 
3.  S 
t.  1 
2.3 

1.8 
1.0 
1.0 
1.2 

2.2 
2  4 

2  8 
2  7 
3.1 
3.8 
3.9 
4.4 
4.8 
5.1 
4.9 
.5.6 
.5.7 
.5.4 
5.4 
4.4 
4.0 
3.8 
3.4 

1.9 
2  1 
2  2 
2  5 
3.7 
4.1 
4.7 
4.3 
4.6 
4.8 
4.7 
(■).  6 
6.2 
7.  1 
6.2 
4.9 
2.8 
2.8 
1.7 

1.6 
2  6 
4.0 
.5.2 
6.9 
8.4 
9.9 

n.o 

13.  2 
13.1 
13.  2 
12  5 
14.1 
12  2 
11.6 
6.2 
4.4 
7.2 
5.  9 

9.2 
14.6 

9 

114  0 

3          -_                  

1,223.8  I     . 

4 

1,573.5  '     .... 

8.6 

106  0 

1,966.1    

2,421.2 

2,785.0  1 

6      

9.2 

10.(  0 

7 

'   i 

8  3          

3,048.1  ! 

3,  446.  4 

9  * 

io.  0 

10  5       --. 

3,745.0  , 

11 

4,019.5  1   

4,160.0    - 

12« 



1 1 ."..  0 

12  " 

4,207.0  1     - 

128           _,_ 

2,865.0  L... 

2, 805.  0 

-   -     • 

12  1 

12  l» 

1,  206.  0 

. 

12 

369.  0 

8                                     --    .. 

423.0    

-.031 
-.029 

-.030 

+.  059 
+.051 

+.  049 



4 

2825    

197.0    \ 

0     / 

Top  of  pipe 

1 

8.7 

11?.  0 

1 

.'^OLin  COXCRETE  PLUG 
(DiameliT,  32  inches) 


r 


81.3 

f       163. 0 

I           0 

285.  3 

570.6 

859.  9 

1,141.2 

1,  426.  5 

1,711.8 

1,  997.  1 

2,  282.  4 
2,  567.  8 

2,  853. 1 
3, 138.  4 

3,  423.  7 
3, 423.  7 
3,  423.  7 
3,  423.  7 
3,  423.  7 
3,  423.  7 
3, 423.  7 
3,  423.  7 
3, 423.  7 
2,  282.  4 
1,141.2 

S       163. 0 
I          0 
81.3 

101.  5 
308.0 

0 
343.0 
806.0 

1,  296.  5 
1,831.0 

2,  358.  0 

2,  902.  0 

3,  300.  0 

3,  840.  5 

4,  291.  0 

4,  775.  0 

5,  242.  5 
5,  758.  0 
2,  335.  0 

801.0 
-73.  0 
-362  0 
+201.  5 
-860.  0 
-760  0 
-627.  0 
-636.  0 
-655.  0 
-613.0 

0 
-628.5 

1.25 
1.89 

'"'i."2i" 

1.41 

1.51 

1.60 

1.65 

1.69 

1.65 

1.68 

1.67 

1.67 

1.67 

1.68 

0.68 

0.23 

-0.21 

-0.10 

+0.05 

-0  26 

-0.22 

-0.18 

-0.19 

-0.19 

-0.19 

'-a  is" 

93.8 
304.0 

0 

322  0 

756.0 

1,215.5 

1,717.0 

2,  210.  0 

2,  721.  0 

3,  094.  0 

3,  600.  0 

4,  023.  0 
4,  477.  0 

4,  915.  0 

5,  398.  0 
2,  181.  0 

751.0 

-68.5 

-339.  0 

+  188.  5 

-805.  0 

-713.0 

-,586.  0 

-.597.0 

-613.  0 

574.0 

0 

-588. 0 

' 

Topof  pipe  =  0 

1 

' 

1.0 
1.  1 
0.7 
1.2 
1.  1 
(1.  9 
1.2 
1,2 
1,  1 
1,4 

1.3 
1.4 
1.2 
1.4 
1.1 
1.5 
1.8 
1.6 
1.3 
1.3 

1.5 
1.8 
1.6 
2.0 
2  2 
1.9 
2.4 
2  3 
2  8 
3.0 
3.0 
3.3 
3.3 
3.6 
3.5 
3.5 
4.0 
3.7 
3.3 
3.4 
2  8 

2.1 
2.9 
3.7 
4.0 
5.9 
6.8 
7.8 
8.8 
10.4 
11.1 
12  9 
12.9 
7.4 
3.9 
2  3 
1.5 

^:? 

0.8 
0.8 
1.0 

1.3 

2.6 
4.0 
5.2 
7.0 
7.0 
8.0 
10.0 
10.8 
12.2 
14.9 
14.8 
10.0 
6.8 
3.9 
1.9 
4.3 
0.5 
0.7 
0.3 
0.9 

2 

6.1 

3 

4 

.5.3 

100.0 

5 

6 

7 

.5.2 

10.5.  6 

g 

9 

10 

""'4,'7" 

11 

103.  0 

12 

12  11 

12  12 

12  11 

12  15 

12  18 

12  1" 

12  18 

\.l 

8 

105.0 

} 

Mid-point 

/ 

i 

• 

- 



See  footnotes  at  end  of  table. 
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Table  3. — Results  of  field  tests  on  various  pipe,  100  per  cent  projection,  sand  fill — Continued 

SMOOTH   IRON 
[Diameter  20  inches,  0.076  inch  tliick] 


Actual 
weight 

Scale  read- 
ing 

Ratio  scale 

reading  to 

actual 

weight 

A' 

Scale  read- 
ing cor- 
rected to 
2Vinch 
diameter 

Deflection  o 

f  diameters 

Cell  pressures 

.Moisture 

Weight 

IJer  cubic 

fool 

Height,  (if  nil  in  feel 

A-.\' 

D-D' 

2,6 

Ground 

4 

Lbs.  per 
Iin.ft. 
0 

177.6 

355.  2 

532.  8 

710.4 

888.0 

1,  065.  6 

1,  243.  2 

1,  420.  8 

1,  598. 4 

1,  776.  5 

1,  953.  6 

2, 131.  2 

2, 131.  2 

1,  420.  8 

710.4 

0 

Lbs.  per 

lin.  ft. 

0 

160.  5 

316.0 

457.0 

547.  5 

624.5 

706.5 

792.5 

859.5 

925.  0 

1,  009.  0 

1,  098.  0 

1, 176.  0 

1, 176.  0 

966.0 

081.  0 

0 

0 

160.  5 

316.0 

457.  0 

547.  5 

624.5 

706.  5 

792.  5 

859.  5 

925.0 

1.009.0 

1,  098.  0 

1, 176.  0 

1, 176.  0 

966.  0 

681.0 

0 

(19) 

3.0 
4.9 
5.4 
6.  1 
7.3 
8.0 
7.8 
9.0 
9.8 
10.6 

Per  cent 
4.7 

,5.8 

Pounds 
105.  0 

1                     

0.90 
.89 
.86 

!70 
.67 
.64 
.64 
.58 
.57 
.56 
.55 
.55 
.68 
.96 

-0.014 
-.145 
-.209 
-.262 
-.311 
-.338 
-.384 
-.405 
-.442 
-.477 
-.533 
-.543 
-.553 
-.549 
-.555 
-.283 

+0.  104 
+.147 
+.185 
+.204 
+.287 
+.303 
+.356 
+.  366 
+.396 
+.424 
+.480 
+.480 
+.493 
+.492 
+.487 
+.304 

2.6 
2.9 
3.6 
4.2 
5.1 
5.2 
5.8 
6.1 
6.4 
7.1 

1.1 
2.9 
3.4 
3.4 
4.2 
3.7 
4.2 
4.5 
4.8 
.5.0 
5.3 
.5.4 
5.6 
5.0 
3.7 

■) 

■.i                            

4                                                               

lOD  0 

5                                    

6                    

7.2 

7                                __  ;... 

S --- 

9                 

6.3 

103.0 

10                            -    -  

11                  .  - 

8.0             12.1 
8.0  1           12.6 
8.3  1           12.9 

7.2  1            9.5 
5.  8  1            6.  2 

12 

12                    -.       .   -- ; 

5.7 

105.0 

8                   .    

4 

Top  of  pipe=0 

6.2 

105.0 

CORRUGATED 
[Diameter  21  inches,  0.070  inch  thick] 


0 

187.2 

374.4 

501.6 

748.8 

936.  0 

1, 123.  2 

1,310.4 

1,  497.  6 

1,  684.  8 

1,  872.  0 

2,  059.  0 
2,  246.  4 
1,  497.  6 

748.8 
0 

0 

252.  2 

4Sf>.  0 

586.  5 

784.  5 

963.  5 

1,  118.5 

1,276.0 

1,  405.  0 

1,  547.  5 

1,  715.  5 

1,  872.  5 

2,  069.  5 
1,  757.  0 
1,  299.  0 

0 

(I.) 
2.8 
3.7 
4.1 
4.7 
4.9 
.5.2 
5.9 
6.3 
6.8 

7^2 
7.4 
6.0 
3.8 

1             .               ...  

1.35 
1.30 
1.03 
1.05 
1.03 
.99 
.97 
.94 
.92 
.92 
.91 
.92 
1.17 
1.73 

240.0 

463.0 

558.0 

746.0 

917.0 

1,065.0 

1,  215.  0 

1,  338  0 

1,  472.  0 

1,  632.  0 

1,  781.  0 

1,  968.  0 

1,672.0 

1,  235.  0 

0 

-0.017 
-.045 
-.0.54 
-.069 
-.091 
-.  109 
-.127 
-.141 
-.163 
-.193 
-.212 
-.233 

+0.018 
+.  045 
+.  057 
+.070 
+.088 
+.  103 
+.  119 
+.  134 
+.  1.50 
+.  176 
+.  196 
+.212 

1.6 
2.3 
2.8 
3.3 
3.9 
4.6 
4.9 
5.2 
.5.7 
6.5 
7.0 
6.7 
.5.3 
2.5 

1.9 
3.0 
3.2 
4.  1 
4.  1 
4.5 
5.1 

9.8 

106.0 

2                 - 

3                                              

4                      

5            .   

8.5 

10.5.  0 

6                                ...   .   --- 

8.6 

106.  5 

8                                               - -- 

9                              .       .   

6.2 
6.  7 
7.3 
7.5 
7.7 
5.7 

10                

11                                              

12                                

10.0 
9.2 
8.2 

112.  5 

8  .              

11.5.0 

4 

Top  of  pipe =0 
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1 

1 

1  .Vverage  results  from  two  tests  on  different  pipe.     In  the  last  two  columns  the 
runs  are  indicated  by  a  and  6. 
-  Only  one  deflection  read. 
^  Section  No.  2  cracked  along  bottom. 

'  Section  No.  2  cracked  half  way  acro.ss  top  and  Section  No.  1  cracked  on  bottom. 
■'  .\l\  cracks  widened  and  material  s|)alled  off. 

«  Section  No.  3  cracked  on  top  and  bottom  and  section  No.  4  cracked  on  bottom. 
■  Pipe  dropped  Ho  inch. 

'  Section  on  south  end  cracked  and  pipe  drojjped  Ho  inch. 
»  Pipe  dropped  !io  inch. 

relation  plots  approximately  as  a  straight  line  throuoh- 
out,  whereas  the  deflections  of  the  more  flexible  pipe 
increase  rapidly  at  first  and  then  more  slowly  as  the  side 
pressure  increases. 

Figure  20  shows  graphically  the  variation  in  radial 
pressure  on  a  rigid  and  on  a  flexible  pipe.  On  the  rigid 
])ipe  the  pressure  is  high  ;it  the  top  and  low  at  the  sides. 
On  the  flexible  pipe  the  incssure  is  slightly  higher  on  the 
sides  than  on  the  top.  This  variation  in  pressure  on  the 
two  pipes  is  to  be  expected  when  it  is  realized  that  the 
Hexible  pipe  accpiires  its  strength  through  side  support. 


It"  Pipe  dropped  !>5  inch,  all  cracks  closing. 

"  Pipe  dropped  0.1  inch  in  45  minutes. 

1-  Pipe  dropped  0.2  inch  in  30  minutes. 

"  Pipe  dropped  0.3  inch  in  30  minutes. 

"  Pipe  dropped  0.4  inch  in  30  minutes. 

'»  Pipe  dropped  0.4  inch  in  12  hours. 

'o  Pipe  dropped  0.8  inch  in  45  minutes. 

'■  Readings  taken  2  hours  after  previous  reading. 

'*  Reading  taken  12  hours  after  previous  reading. 

1'  Cell  on  ground  at  level  of  bottom  of  pijie  and  measuring  vertical  pressure. 

ATTEMPT    MADE   TO    CORRELATE   FIELD   DATA    AND   LABORATORY 
METHODS 

Upon  completion  of  the  field  tests  experiments  were 
undertaken  in  an  attempt  to  correlate  the  field  data 
with  laboratory  methods,  in  hope  of  providing  some 
rational  basis  for  design  of  culvert  pipe.  Two  different 
procedures  were  undertaken — hrst,  an  attempt  was 
made  to  produce  in  the  laboratory  the  same  radial 
pressures  on  the  pipe  as  were  found  to  exist  in  the  field ; 
second,  it  was  attempted  to  produce  in  the  laboratory 
the  radial  deflections  obtained  in  the  field. 
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To  reproduce  the  radial  ])ressures  a  timber  box,  2)^ 
feet  wide,. 3%  feet  long,  and  :\K  feet  high,  inside  dimen- 
sions, was  designed  suitable  for  holding  a  filling  material 
and  a  test  section  of  the  pipe.  The  box  was  constructed 
of  2)^-inch  oak  timbers  bolted  together. 

The  radial  pressures  were  indicated  by  soil-pressure 
cells  fastened  on  the  test  i)ipe  at  45°  intervals  around    in  the  field.     Loads  weic  applied  by  a  testing  machine 


For  the  j)ui|)ose  <ir  producing  tlie  siune  side  pr(>ssures 
as  in  the  held,  the  (MkIs  of  th(>  box  wcm'c  ai-ranged  on 
lollers  so  they  were  free  to  be  pusluMl  out  by  tlie  dcv 
Ilection  of  the  |)ipc  under  load.  This  outward  motion 
was  o[)i)osed  by  heavy  box-car  springs.  Th(>  resistance 
of  these  si)iings  compared  to  the  passive  side  pressure 


1000  EOOO 

LOAD  -  POUNDS  PER  LINEAL  FOOT 


la 

r 

/ 

UJ 

u. 

UJ 
O- 

i 

1 

/• 

/ 

r> 

U- 

o 

D- 
O 

1- 

UJ 

6    ^ 

< 

Ll. 

1 

/ 

Li.        4 

o 

J 

/ 

I 

ID 
UJ 

X 

/ 

/ 

2 

0 

// 

20- 


02  0.3  0,4  0.5 

VERTICAL  DEFLECTION  -  INCHES 


0  6 


Figure   17. — Vertical  Loads    Transmitted  to  20-inch  Pipe  Figure  19. — Relatio.x  bei  ween  Height  of  Fill  and  Deflec- 

(CoRRECTioN  Made  for  Variation  from  20  Inches),  100  Per  tion  for  20-inch  Pipe,  100  Per  Cent  Projection  and  Sand 

Cent  Projection  Condition,  by  Various  Heights  of  Sand  Fill.     Numbers   in  Parentheses   Indicate   Thickness   of 

Fill.      Numbers  in   Parentheses  Indicate  Thickness  Pipe 
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VERTICAL  DEFLECTION  -  INCHES 
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SOIL  PRESSURE  CELL  READINGS  -  POUNDS  PER  SO  INCH 


Figure  18. — Relation  between  Height  of  Fill  and  Deflec-  Figure  20. — Results  of  Soil-Pressure  Cell  Readings  on  a 

TioN  for  30-INCH  Pipe,  100  Per  Cent  Projection  Condition  Rigid  and  a  Flexible  3()-inch  Pipe,  100  Per  Cent  Projec- 

and  Sand  Fill.     Numbers  in  Parentheses  Indicate  Thick-  tion.    Sand     Fill.     Numbers    in     Parentheses    Indicate 

NESS  of  Pipe.  Thickness  of  Pipe 


its  circumference.  Holes  were  bored  in  the  sides  of 
the  box  for  the  flexible  air  hose  and  electric  wires  leading 
to  the  pressure  cells.  The  pipe  was  placed  in  the  box 
with  its  length  at  right  angles  to  the  sides  and  with 
its  bottom  resting  on  the  bottom  of  the  box.  The  filling 
material  was  a  well-graded  dry  sand  and  was  placed 
around  the  pipe  and  to  a  depth  of  6  inches  over  it. 
The  top  of  the  box  through  which  loads  were  to  be 
applied  was  made  of  2}2-iiich  oak  timber  reinforced  with 
}2-inch  steel  plates. 


to    the    to|)   of   tlic    box    through    an   I-beam    hncrage 
system. 

The  tests  w-ere  nuule  on  a  section  of  smooth  iron 
pipe  30  inches  in  diameter  and  having  a  thickness  of 
0.109  inch,  and  also  on  a  section  of  steel  tube  30  inches 
in  diameter  with  a  thickness  of  0.349  inch.  There  was 
a  wide  discrepancy  between  the  pressui-es  and  deflec- 
tions obtained  by  this  method  and  those  obtained  in 
the  held,  and  it  was  decided  that  field  conditions  could 
not  be  simulated  with  the  apparatus. 
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A  SECOND  METHOD  OF  SIMULATING  FIELD  CONDITIONS  PRODUCES 
UNSATISFACTORY  RESULTS 

A  new  apparatus  was  devised  (fig.  22)  in  an  attempt 
to  produce  the  same  radial  deflection  as  found  in  the 
field  by  applying  restraint  at  the  30°  point  and  a  load 
on  the  top  of  the  pipe.  It  was  desired  to  compare  this 
load  with  the  load  producing  the  same  deflections  in 
the  field. 

Oak  timbers  were  placed  along  the  outside  of  the 
test  pipe  parallel  to  its  longitudinal  axis  and  spaced  30° 
apart.  The  timbers  were  held  in  place  by  %-inch  steel 
radial  rods  threaded  at  each  end  and  supplied  with 
lock    nuts,    which    had    bearing    on    the    longitudinal 


FiouKK  21. — Apparatus  Used  in  Test  with  Sand  Bearing 

timbers.  By  tightening  or  loosening  the  nuts,  the 
desired  radial  deflections  could  be  induced  in  the  test 
pipe.  Loads  were  applied  to  the  top  of  the  pipe  by 
means  of  a  cantilever  arrangement.  Tests  were  made 
on  a  30-inch  steel  tube  having  a  thickness  of  0.349  inch. 

A  vertical  load  corresponding  to  a  fill  height  of  6  feet 
was  first  applied,  and  the  horizontal  deflection  was 
adjusted  to  the  corresponding  field  value.  The  load 
w^as  then  increased  to  produce  the  vertical  deflection 
corresponding  to  a  (i-foot  fill.  With  these  two  diam- 
eters corresponding  to  the  field  values,  an  attempt  was 
made  to  adjust  the  other  30°  diameters  to  correspond 
with  the  field  values.  After  a  number  of  manipu- 
lations it  was  found  impossible  to  get  the  desired 
deflections. 

No  further  attempt  was  made  to  correlate  the  field 
data  with  a  laboratory  method,  with  the  idea  of  obtain- 
ing a  practical  rational  design  for  culvert  pipes,  but  a 
suggested  procedure  ma_v  i)e  found  under  the  heading 
"Application  of  results  to  design  of  rigid  pipe  discussed." 

Because  of  the  theoretical  as  well  as  the  practical 
significance,  some  data  were  obtained  to  determine  the 
resulting  changes  in  the  scale  reading  values  eft'ected 
by  lowering  the  test  pipes  through  small  increments. 
These  experiments  were  performed  only  on  the  concrete 
pipes  and  the  solid  plugs. 

APPLICATION   OF   RESULTS   TO   DESIGN   OF  RIGID   PIPE  DISCUSSED 

A  study  of  the  data  obtained  from  these  experiments 
indicates  that  the  magnitude  of  the  earth  pressure 
transmitted  to  the  pipe  is  to  a  large  degree  a  function 
of  the  flexibility  or  deflection  of  the  pipe.  If  the  pipe 
is  of  such  rigidity  that  its  deflection  is  equal  to  the 
settlement  of  the  adjacent  fill,  the  value  of  K — ratio 
of  the  earth  pressure  to  the  weight  of  the  earth  prism 


directly  over  the  pipe — will  be  unity;  that  is,  the  load 
carried  by  the  pipe  will  be  equal  to  the  weight  of  the 
prism  of  earth  vertically  above  the  pipe.  If  this 
rigidity  is  increased,  the  load  carried  will  also  be  in- 
creased whereas  if  the  rigidity  is  decreased  the  earth 
pressure  transmitted  to  the  pipe  will  be  decreased. 

Comparing  Figure  18,  which  shows  the  relation  be- 
tween height  of  earth  fill  and  the  vertical  deflections 
for  the  five  types  of  pipe  arranged  in  their  order  of 
flexibility,  and  Figure  16,  which  shows  the  relation 
between  height  of  earth  fill  and  the  pressures,  we 
obtain  a  graphical  proof  of  this  conclusion. 

In  discussing  the  influence  of  the  results  of  this  in- 
vestigation upon  the  design  of  culvert  pipe,  it  is  neces- 
sary to  divide  culverts  into  two  types,  which  must  be 
separately  considered.  The  first  type,  known  as  rigid- 
type  culverts,  may  be  defined  as  those  culverts  made  of 
such  material  that  their  structural  failure  is  evidenced 
!)y  fracture  of  the  material.  The  second,  flexible- 
type  culverts,  are  those  culverts  made  of  such  material 
that  their  structural  failure  is  not  evidenced  by  fracture 
of  the  material  but  rather  by  extreme  change  in  shape 
or  cross  section. 

For  the  rigid-type  culverts  a  method  of  design  may 
bo  used  based  on  data  obtained  from  this  investiga- 
tion. This  method  of  design,  is  based  upon  the  as- 
sumption that  the  limiting  or  ultimate  load  from  a  2 
or  3  point  bearing  test  when  multiplied  by  some  factor 
will  equal  the  limiting  or  ultimate  load  in  actual  em- 
l)ankment  conditions. 

The  relation  between  vertical  deflections  and  em- 
bankment loads  per  lineal  foot  of  jjipe  for  the  30-inch 
cast-iron  pipe  is  shown  in  Table  3  and  Figure  18. 

Figui'e  23  shows  the  deflections  obtained  lor  the  same 
pi])e  under  a  3-point  bearing  load.     The  ratios  of  em- 


FiuuRE  22. — Apparatus  Used  in  Multiple-point  Loading 

bankment  loads  to  the  3-point  bearing  loads  and  are 
shown  in  Table  4. 

Table   4. — Ratios  of  load  on  30-inch  cast-iron,   pipe  to  3-point 
bearing  load  producing  equal  deflections 


Equal 
deflec- 
tions 

Height 
of  fill 

Weight  of 

earth  per 

lineal  foot 

of  pipe 

directly 

over 

pipe 

Pressures 

per  lineal 

foot  of 

pipe 

Load  per 

lineal  foot 

of  pipe 

from  3- 

point 

bearing 

test 

Ratio  of 
weight  of 
earth  to 
3-point 
bearing 
load 

Ratio  of 

earth 
pressure 
to  3-point 
bearing 

load 

Inches 

Feet 

Pounds 

Pounds 

Pounds 

0.014 

2 

571 

730 

375 

1.523 

1.95 

.030 

4 

1,141 

1,446 

775 

1.472 

1.80 

.048 

6 

1,712 

2,160 

1,275 

1.343 

1.73 

.065 

8 

2,202 

2,831 

1,700 

1.295 

1.69 

.088 

10 

2,853 

3,680 

2,250 

1.268 

1.64 

.107 

12 

3,424 

4,350 

2,725 

1.256 

1.62 
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Using  a  proper  ratio  or  factor  the  ultimate  strength 
of  any  rigid  pipe  as  determined  by  the  3-point  bearing 
test  can  be  converted  into  its  equivalent  load-carrying 
capacity  for  earth  embankments. 

It  is  possible  to  calculate  the  ratio  of  the  load  under 
3-point  loading  to  the  weight  of  earth  over  pipe  pi'o- 
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Figure  23. —  Deflections  of  30-ixch    Plain  Cast-iron  Pipe, 
1  Inch  Thick  and  25  Feet  Long  Under  3-poi.n't  Loading 

ducing    the  same    deflection  (  ,^j,  with  equation  17  of 
Appendix  II,  which  is  given  as 


(1.06-2)^ 


"e/   K      IF 


In  this  equation, 
1  —  sin  </) 


,,      ,   ,     .        =  ratio  of  lateral  load  to  vertical  load. 
^      1  +  sm  (^ 

e£  =  vertical  deflection  of  pipe  due  to  embankment  load. 

ep  =  vertical  deflection  from  3-point  hearing  load. 

Z^=  ratio  of  earth  jjressure  sustained  l)y  pipe  to  weight 

of  earth  prism  directly  over  the  pipe. 

P  =  load  per  lineal  foot  of  pipe  obtained  from  3-])oint 

bearing  method. 

1F  =  weight  of  eml)ankment  per  lineal  foot  of  ])ipe. 

If  we  assume  for  the  internal  angle  of  IViction,  0  =  42°, 
(/  becomes  0.2. 

Applying  equation  17  with  aljove  assumptions,  mak- 
ing €E  =  ep  and  noting  that  A'=1.27  for  cast-iron  pipe, 
we  obtain  for  the  ratio 

p  ir 

,j^=  0.607,  or   p=1.65. 

This  value  is  larger  than  those  obtained  from  the 
experimental  data  as  given  in  Table  4,  and  is,  of  course, 
dependent  on  the  assumed  vahie  of  </>. 

This  method  gives  a  maximum  height  of  All  with  no 
consideration  of  a  proper  factor  of  safety.  Since  the 
reliabflity  of  this  method  depends  upon  the  uniformity 
of  the  material  of  which  the  pipe  is  composed,  it  seems 
logical  to  suggest  that  some  factor  of  safety  be  used  in 
determining  the  safe  height  of  fill  for  rigid  pipe  when 
designed  according  to  this  method. 

ADDITIONAL  DATA  NEEDED  TO  DESIGN  FLEXIBLE  TYPES  OF  PIPE 

The  above  method  can  not  be  applied  to  flexible 
types  of  pipe.  Three-point  bearing  tests  on  flexible 
pipe  when  compared  with  actual  embankment  loads 


show  that  there  is  no  one  factor  that  can  bo  used  to 
determine  field  loading  from  laboratory  loading.  This 
is  due  to  the  fact  that  the  structural  strength  of  flexil)le 
pipe  in  the  2  or  3  point  bearing  test  is  only  a  part  of  its 
load-carrying  capacity,  the  remaining  portion  l)eing 
due  to  side  support  which  is  developed  as  ])assive  pres- 
sure on  the  sides  of  the  i)ipe. 

From  this  investigation  it  seems  reasonahle  to  con- 
clude that  had  the  embankments  been  carried  to  suffi- 
cient height  to  cause  structural  failure  of  the  flexible 
types  of  pipe,  this  failure  would  have  resulted  from 
excessive  deflection.  If  this  is  true,  then  the  logical 
method  of  design  for  pipes  of  this  type  must  be  l)ased 
upon  a  law  of  deflections,  which  might  be  obtained  from 
data  observed  on  a  large  mmiber  of  actual  installations. 

APPENDIX  I 

NOTES  RELATIVE  TO  VERTICAL  PRESSURES  ON  PIPE 
CULVERTS 

By  WILLIAM  CAIN,  Professor  Emeritus  of  Mathematics,  University  of  North 
Carohna 

An  apparatus  for  determining  the  coefficients  of 
friction  and  cohesion  of  earth  is  shown  in  Figm-e  1, 
where  the  pull  Q' ,  stai'ting  at  zero,  finally  itttnins  the 
value  Q  pounds,  when  shear  of  the  sand  (or  ciirtli) 
along  the  surface  AB  of  one  stpiare  foot  is  "impending." 
Let  Pn  be  the  total  normal  load  on  this  area  AB  and 
for  the  case  where  the  j)uli  Q'  is  less  than  Q,  let  /'  equal 
friction  per  unit  of  P„  and  c'  equal  the  cohesion  per  unit 
area  {AB).  Then  an  approximate  load — fih-tion — 
cohesion  relation  is  expressed  by  the  h)i-mula, 

Q'-fPn  +  C (1) 

Figure  IB  represents  the  case  where  the  pull  has  reached 
its  maximum,  Q,  and   the  coefficients  /'   and  c'  have 
likewise  reached  their  maximum  values,/  jiiid  c,  called 
respectively  the  coefficients  of  friction  iiiid  cjhesion. 
We  have  now 

Q-fP,.  +  c (2) 

As  Q'  viiries  from  0  to  (^,  f  and  c'  vary  from  0  to/,  c, 
hut  the  I'cliitive  VHiiation  of  /"'and  r'  isimknowu.      For 


Figure    L — Diagram     U.sed     in     Discussing     Cohe.sion 
AND  Friction 

example,  if  Q'  =  K2,/'  and  r'may  not  be  |/,|c, respective- 
ly, but  Equation  1  must  always  hold.  In  experiment- 
ing with  the  apparatus  shown  in  Figure  1,  the  values 
of  Q  have  been  recorded  for  a  succession  of  loads  P„ 
and  the  results  plotted  as  shown  in  Figure  2  for  a  typical 
case,  the  values  of  P„  being  laid  off  as  abscissas  and 
the  corresponding  values  of  Q  as  ordinates.     A  straight 
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line  can  he  drawn  to  nourly  pass  through  the  plotted 
points  and  represented  by  the  equation, 

(J  =  tail  cpP„  +  b (3) 

This  fact  luis  been  noted  by  English  and  French  exper- 
imenters (i).' 

It  is  desi]-a})lc  that  tlie  eai'th  or  sand  used  in  the 
experiment  be  homogeneous  or  readjustments  of  the 
grains  may  occur  in  increasing  the  pulls.  This  homo- 
genuity  may  possibly  lie  sittained  by  simply  shaking 
before  a]jj>lying  the  lo.ids,  but  it  seems  that  it  could 
more  certainly  be  accomplished  by  a  uniform  tamping, 
say,  with  one  of  the  weights. 

By  comparing  equations  2  and  3,  it  is  seen  that 
/=tan  0  =  slope  of  sti'aiglit  line,  and  c,  the  coefficient 


P'iGURE  2. Gh.\PHICAL  REPRESEN- 
TATION OF  Relation  Between 
<t>  and  P„ 

of  cohesi<)n  is  equal  to  h,  the  intercept  on  the  axis  of  Q. 
The  angle  0  is  called  the  angle  of  friction  or  the  angle 
of  internal  friction.  It  is  always  less  than  the  angle 
of  repose  when  c  is  not  zero,  being  equal  to  it  only 
when  c  =  0,  corresponding  to  perfectly  dry,  clean  sand. 
By  measiiring  the  i/-intercept  and  computing  tan  4> 
from  the  diagram,  the  values  of  c  and  /  can  be  foiind 
for  sand,  or  earth  containing  any  mixture  of  sand  and 
clay,  and  with  various  jiercentages  of  moisture.  Tests 
made  on  the  bank  sand  used  for  the  fill  over  the  pipe 
culverts,  showed  that  as  the  percentage  of  moisture  in- 
creased i'roin  0.4  to  10.9  percent  c  varied  from  10  to  30 
pounds  per  sqiiare  foot,  and  <t>  varied  from  42°  to  45°. 
For  the  clay  filling  with  21  per  cent  moisture,  Q  was 
41  degrees  and  c  was  225  pounds  per  stpiare  foot. 

Although  the  formula  Q'  =J'P„  +  c'  approximately 
expresses  the  relation  between  pressure  and  shear  re- 
sistance in  earth  fills,  experiments  disclose  that  this 
shear  resistance  does  not  develop  before  there  is  ap- 
preciable tangental  displacement  along  a  plane  of 
rupture.  Prior  to  rupture  any  granular  material  behaves 
like  an  imperfectly  elastic  body  with  low  modulus  of 
elasticity.  Within  such  body,  stresses  depend  upon 
deformation.  Hence  the  proper  treatment  of  the 
problem  is  to  treat  the  system — culvert  and  fill — as  a 
statically  indeterminate  combination  of  elastic  bodies. 

In  order  to  get  a  rcnigh  conception  of  existing  con- 
ditions one  can  disregard  the  elasticity  of  the  fill  and 
introduce  a  variable  coefficient  of  friction  along  more  or 
less  arbitraiy  planes  starting  with  a  value  of  zero  for  no 
deformation  and  increasing  to  full  value  when  dis- 
placements are  important  enough  to  produce  shear. 

UNEQUAL  SETTLKMENT  IN  FILLS  DLSCUSSED 

Let  us  next  consider  an  embankment  of  earth  (fig.  3) 
having  a  level  surface  and  a  level  foundation,  either 


I'igid  or  uniformly  compressible,  the  earth  extending 
indefinitely  in  all  directions.  Imagine  the  earth  divided 
by  vertical  planes  so  as  to  make  prisms  h  feet  high  and 
1  foot  square  in  cross  section.  Then,  if  i/;  is  the  average 
weight  in  pounds  per  cubic  foot  of  the  earth,  the  weight 
of  each  prism  is  ivh  pounds.  This  weight  is  transmitted 
vertically  to  the  foundation.  There  is  a  horizontal  or 
lateral  earth  pressure  E  on  each  vertical  plane  which 
is  given  by  a  known  formula  (5).'' 

Under  the  conditions  assumed,  there  is  no  sliding 
along  vertical  planes  and  thus  no  friction  or  cohesion 
can  be  exerted  in  a  vertical  direction  along  them. 
But,  suppose  the  foundation  under  one  of  these  prisms 
to  give  way  entirely,  then  its  weight  is  almost  wholly 
transmitted  to  the  sides  through  the  friction,  Ef  and 
the  cohesion,  chxl,  exerted  upward  on  each  of  the 
inclosing  vertical  sides  of  the  prism.  The  theory  is 
similar  to  that  used  in  the  design  of  bins  or  for  tunnels 
in  earth  excavated  by  use  of  poling  boards. 

Again,  if  the  foundation  gives  a  minute  amount,  but 
more  in  some  places  than  others,  then  some  of  the  weight 
of  the  prisms  that  sink  most  will  be  transferred  to  the 
sides,  though  the  full  friction  and  cohesion  may  not 
be  exerted.  The  vertical  pressures  on  a  culvert  are  not 
uniform,  even  for  the  width  of  the  roadway,  but  for 
this  central  position  of  greatest  height,  it  is  on  the  side  of 
safety  to  assume  the  weight  vertically  transmitted,  as 
it  should  be  near  the  center  of  this  portion.  This  will 
be  assumed  in  the  following  discussion,  where  the 
vertical  pressure  on  one  lineal  foot  of  pipe,  just  under 
the  center  of  the  roadway,  is  alone  considered. 

Let  us  next  consider  the  case  of  the  pipe  culvert 
shown  in  Figure  4.  Assume  the  concrete  walls,  just 
touching  the  pipe,  to  be  rigid  and  let  the  outside  diame- 
ter of  the  pipe  be  b  feet.  On  account  of  the  compression 
of  the  earth  varying  with  the  depth,   the  weight  of 
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FOUNDATION 

Figure  3. — Earth  Embankment  Di- 
vided into  Prisms 

earth  per  cubic  foot  varies  nearly  uniformly  from  the 
earth  surface  to  the  top  of  the  pipe  in  the  distance,  h 
feet.  Therefore  the  average  weight,  w,  will  be  that  at 
about  the  depth  h/2,  and  the  weight  of  earth  vertically 
over  the  pipe  will  be  wiJi.  It  is  difficult  to  ascertain  w. 
It  is  always  greater  than  the  measured  weight  of  earth 
as  deposited  because  of  the  compression.  The  value 
can  not  be  determined  by  removing  the  fill  to  a  depth 
of  /i/2  and  weighing  a  sample  as  claye,y  earth  tends  to 
recover  its  shape  when  the  load  is  removed — in  fact, 
the  clay  experimented  with  acted  as  if  it  was  perfectly 
elastic.  The  weight,  w,  also  increases  with  h;  however, 
in  the  theory  which  follows,  w  is  always  assumed  to  be 
the  true  average  for  the  height,  though  necessarily  in 
plotting  the  results  of  experiments  for  sand,  only  the 
weights  of  the  earth  ,well  shaken,  as  first  deposited,  were 

'  See  equation  2  on  p.  183  involving  both  c  and  /.    When  c  equals  zero  the  equation 
reduces  to  the  familiar  Rankine  formula. 
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plotted.  Let  lis  call  KW  the  vertical  pressure  actually 
sustained  on  a  horizontal  plane  of  width  b  through  the 
top  of  the  pipe.  For  the  case  represented  hy  Figure  4, 
the  pipe  deflects  under  its  load,  the  prism  of  earth  ver- 
tically over  it  sinks,  and  it  then  exerts  friction  and  cohe- 
sion, in  iunount,  f'E+c'h,  along  the  vertical  sides  of 
the  i)risni.  Hence,  ])art  of  the  weight  of  the  |)risni  is 
held  up  by  the  earth  outside  of  the  prism  and  f\]V<wbh. 

Unfortunately,  we  have  no  means  of  estimating/'  and 
(■'.  They  increase  with  the  deflection  and,  thus,  with 
the  height  of  fill;  but  they  can  never  exceed  the  limit- 
ing values/  and  c.  It  is  not  even  tacitly  assumed  that 
the  vertical  sides  of  the  prism  are  surfaces  of  rupture. 
The  surfaces  of  rupture  are  unknown  and  would  be  of 
no  use  if  they  were  known.  It  is  only  stated  that  the 
condition  for  equilibrium  of  this  vertical  prism  is, 
KW=vM-2(fE+c'h). 

Again,  nothing  is  said  of  the  distribution  of  KW 
upon  the  horizontal  plane  on  which  it  acts.  It  is  not 
uniformly  distributed,  but  it  is  symmetrically  placed  as 
regards  the  top  of  the  pipe.  The  sim])le  tlieory  used 
does  not  require  a  Ivnowledge  of  how  the  transfer  of  load 
to  the  vertical  sides  is  effected,  nor  what  path  it  follows 
outside  the  prism;  but  if  we  imagine  the  prism  over  the 
pipe  to  be  divided  up  into  thin  vertical  prisms;  then,  in 
going  from  a  vertical  plane  through  the  top  of  the  i^ipe 


Figure  4. — Sketch  Showing  Pipe  Rigidly  Supported  with 
Concrete  at  the  Side.s  and  Earth  Fill  on  Top 

toward  the  sides,  each  little  ])iism  ti'ansfers  a  ])art  of  its 
weight  to  the  next  prism  tlirough  friction  and  cohesion 
and  transfers,  besides,  the  load  transferred  to  it,  so  that 
the  sides  of  the  prism  vertically  over  the  pipe  ulti- 
mately receive  the  total  transfer,  which  amounts  to 
2(J' E+c'h).  These  general  remarks  are  made  to 
explain  similar  actions  in  other  cases  that  follow. 

VARIOUS  CULVERT  CONDITIONS  ANALYZED 

Let  us  now  consider  the  cases  shown  in  Figures  f),  (i' 
and  7,  where  the  pipe  is  entirely  surrounded  by  eartli 
The  supposed  sliding  along  the  planes  BD,  B'D' 
equals  the  difference  in  deflection,  e  —  e'.  In  Figure  5, 
when  Ji--=0,  e  =  0  and  the  sliding  of  the  earth  to  the  right 
of  BD  is  downward  and  in  amount,  e'  ~-e  =  e',  and  the 
cofficients  of  friction  and  cohesion  are/',  c' ,  correspond- 
ing; for,  as  proved  by  the  experiments  made  in  con- 
nection with  Figure  1,/'  and  c'  vary  with  e'-e  or  the 
amount  of  sliding. 

Next,  suppose  h  to  increase  from  k=0  to  h=h'  {It' 
represents  height  of  fill  where  e'  is  equal  to  e  as  shown 
in  Figure  6)  and  /'  and  c'  are  both  zero,  since  now 
there  is  no  sUding  along  BD.  For  the  case  of  Figure  7, 
where  /i>  li' ,  e>  e',  as  /*  increases  beyond  the  limit 
/(',  e  —  e'  increases  from  zero  and/'  and  c'  increase  from 
zero  (at  h  =  h')  to  the  values/'  and  c',  corresponding 


to  the  height,  h,  and  the  sliding,  e  -  e' .  The  coefficients 
/',  c',  can  not  exceed  /",  r  (sec  Ftj.  2),  for  which  e-e'  = 
0.3')  inch,  as  shown  by  (experiments  witli  the  apparatus 
illustrated  in  Figure  1,  since  the  sliding  reaclied  that 
amount  just  l)efore  continuous  motion  was  attiiined 
when  /'  iiiul  c'  attained  their  nuiximum  values,  /,  r. 
Thus,  ;is  the  height  of  (ill  increases,  the  values  of  /' 
and  <■'  vary,  ])assiiig  through  zei'o  at  l(  =  h'  and  then 
increa.sing  as  //  fui'thcM-  inci'eases,  but  rarely  reaching 
the  maxinia/  aiul  c,  since  the  slidhig,  f-^'=0.35  inch 
is    ]-arely    attained    foi-    a    culvert    pipe. 

The  modified  bin  fornnda  (-5,  p.  210)  would  a])j)ly  to 
the  case  of  Figure  S  if  /'  nnd  c'  were  known,  which  is, 
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unfortunately,  not  the  case.     This  formula,  for  r  -^  0,  for 
a  long  pipe,  reduces  to, 


2A-'  r 


)■ 


2K'r 

Where  ^'  =  vertical    unit    pressure    at    top    of    pipe    in 
pounds  per  sciuare  foot, 
6  =  mean  diameter  of  pipe  in  feet, 
/(=  depth  of  fill  over  pipe  in  feet, 
w;-- weight  of  eai'th  in  pounds  pei-  cui)ic  foot, 
/'  =  coefficient  of  friction  actuallv  excited  along 
BD,  B'  D'  of  F'igure  7, 
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Tc'  =  ratio  of  horizontal  to  vertical  unit  pressure, 

K  is  used  as  previously  defined,  and 
6  =  2.71828,  the  Napierian  base. 
In  the  experiment  on  a  smooth  30-inch  iron  pipe, 
thickness  0.109  inch,  100  per  cent  projection,  for  which 
(/;  =  106  pounds  per  cubic  foot,  on  assuming  fc'/'  =  0.13, 
this  forn\ular  reduces  to. 


Vb  = 


2,550(^ 


J. 


The  residts  from  this  formula  agree  \erj  well  with 
those  given  l)y  tlie  weighing  apparatus  from  h  =  /; '  =  2 
feet  to /(,=  12  feet. 

For  the  bank  sand,  0  =  42°,  therefore  /'  =  tan  </>  =  0.900 

and    ¥  =  :,~r~- 7  =  0.2,  bv    Rankine's    formula;   then 

1  +  sm  (j)  '  ' 

k'f  =  0.18  and  the  resulting  formiila  does  not  agree 
with  the  experiment^.  The  discreiJancy  was  very  much 
greater  for  a  thick  cast-iron  pipe,  where  Ic'f  had  to 
be  assumed  equal  to  0.04  for  the  vertical  pressures  to 
agree  with  those  given  by  the  weighing  apparatus. 
The  jnean  diameter  of  the  pipe  was  30  inches,  and  its 
thickness  1  inch,  so  that  its  deflection  was  very  small. 
Hence  e  —  e'  is  very  small  and  it  should  be  expected 
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Figure  8. — Diagram  Used  to  Illus- 
trate Effect  of  Side  Support 

that  /'  would  be  smaller  than  tan  0.  Thus,  if  k'f  =  0.2/' 
=  0.04,  then/' =0.2,  which  is  much  less  than  the  max- 
muni  value,  tan  (f)  =  0.9. 

This  is  in  agreement  with  the  contention  that/'  can 
not  be  assumed  equal  to  tan  0,  but  that  it  varies  with 
the  amount  of  sliding  along  the  walls  BD,  B'D',  and 
thus  varies  with  h.  Assuming/'  to  be  constant  in  the 
formula,  assuming  an  average  value  for  the  depth  of 
fill  considered,  and  the  formula  is  not  exact  for  any 
depth.  For  the  cast-iron  pipe,  it  was  found  from  the 
resiilts  with  the  weiglnng  apparatus  that  the  depth  of 
fill  for  which  the  vertical  pressure  on  the  top  of  the 
pipe  was  exactly  equal  in  the  weight  of  earth  above  it 
was  3  to  4  feet.  Thus,  A' =3  feet  to  4  feet,  for  which 
depth, /'  =  0. 

\'V\lien  a  thick  cast-iron  pipe  or  a  solid  plug  was 
entirely  buried,  it  was  found  that  there  was  no  limit  to 
the  value  of  h' ,  so  that  the  case  of  Figm'e  5  was  alone 
in  evidence.  In  that  case,  for  an  assumed  average/', 
the  sign  of/'  must  be  changed.  The  formula  is  easily 
written  and  reduced,  but,  as  for  the  previous  case 
(]i>h'),  to  apply  it,  the  value  of/'  (or  k'f)  must  be 
known.  As  this  depends  on  the  relative  deflection, 
e'  —  e,  it  is  unknown,  and  the  formula  is  of  little  value 
for  design. 

In  Figure  S,  the  pipe  is  supported  on  its  lower  half 
by  concrete.  In  this  case,  for  equal  values  of  h,  the 
value  of  e'  should  be  about  half  the  value  shown  in 


Figure  5,  since  e'  represents  the  compression  of  the 
cohunn  of  earth  from  B  to  the  concrete.  As  before, 
when  e''^e,  then  KW^'whTi.  The  support  given  the 
pipe  by  the  concrete  under  it  is  advisable  in  practice 
to  avoid  breaking,  particularly  with  an  irregular 
foundation.  If  there  is  no  concrete  under  the  pipe,  but 
vertical  walls  of  concrete  extend  up  to  the  mid-point, 
the  case  is  similar  to  some  of  the  50  per  cent  projection, 
tests  except  that  in  the  tests,  the  walls  did  not  touch  the 
pipe  which  was  supported  by  columns  and  not  by 
earth.  For  the  case  of  Figure  8,  where  the  pipe  rests 
on  a  cradle  of  concrete;  or.  as  in  the  experiments, 
where  concrete  walls  only  are  used,  h'  must  be  greater 
than  in  the  case  of  Figure  6,  for  since  e'  =  e,  the  shorter 
cohunn  of  earth  from  B  to  the  concrete  wall,  will 
require  a  greater  weight  and  therefore  a  greater  h  to 
compress  it  the  same  amount.  But,  as  e  increases  with 
li,  the  h'  for  Figure  8  will  be  less  than  double  that  for 
Figure  6. 

Figiu'e  7  represents  a  most  important  case,  where 
h^'h'  and  consequently  e^e' .  Therefore  the  prism 
of  earth  vertically  over  the  pipe  sinks  more  than  the 
earth  outside  of  this  prism,  hence  part  of  the  weight 
of  this  prism  is  transferred  outside,  the  reasoning  being 
precisely  that  pertaining  to  Figure  4  and, 

KW=whli-2  (/'  E+c'  Ji) 

The  load  actually  on  the  top  of  the  pipe,  KW,  is  less 
than  the  weight  of  earth,  vMt,,  vertically  over  it.  The 
values  of/'  and  c'  vary  with  the  height  h.  Thus  their 
values,  from  certain  finite  values  when  h  is  small, 
diminish  to  zero  for  h  =  h'  and  then  increase  with  h. 

There  are  many  cases  recorded  of  broken  pipes,  but 
it  has  been  stated  that  a  corrugated  pipe  under  a 
40-foot  fill,  although  badly  deformed,  yet  preserved  a 
channel  for  the  water.  Evidently,  nearly  all  the 
weight  of  earth  over  the  pipe  was  transferred  to  the 
sides.  This  theory  shows  that  it  is  advisable  in  prac- 
tice either  to  build  walls  of  concrete  or  compacted 
gravel  on  either  side  of  a  pipe  culvert  and  touching  it, 
or,  at  least,  to  compact  the  earth  very  thoroughly  on 
either  side  and  under  the  pipe. 

THEORETICAL  CONCLUSIONS  SUPPORTED  BY  EXPERIMENTAL  DATA 

The  theory  for  arch  culverts  is  very  similar  to  that 
for  pipes,  e'  being  the  compression  of  a  vertical  column 
of  earth  just  outside  the  arch  reaching  from  the  top 
of  the  abutment  to  the  level  of  the  upper  side  of  the 
crown  and  e  being  the  deflection  of  the  crown.  Then, 
as  for  the  pipe,  according  as  h<^h' ,  h  =  h',  h'^h' ,  we 
shall  have  KWy-wbh,  KW=ivb1i,  KW'Cwbli,  respec- 
tively, where  b  is  the  span  of  the  extrados  and  A' IF  is 
the  actual  vertical  load  transmitted  to  the  horizontil 
plane  of  width  b  passing  through  the  highest  point  of 
the  extrados.  With  our  present  knowledge,  h'  can 
only  be  found  by  experiment. 

The  above  conception  of  the  interaction  of  pipe 
culverts  and  fills  is  sustained  by  the  experiments  with 
sand  fining  conducted  at  Chapel  HiU,  N.  C,  in  1924- 
1927. 

As  the  sand  in  the  interior  of  the  fill  miist  necessarily 
have  been  compressed  by  the  weight  of  the  nuiterial 
above  it,  it  must  weigh  more  per  cubic  foot  than  origi- 
nally; or  w  is  somewhat  greater  than  was  assumed 
for  the  well  s.haken  sand.  If  this  correction  could  be 
made,  the  effect  woidd  be  to  diminish  h'  and  the  line 
representing  tlie  w(>ig]its  of  earth  vertically  above  the 
pipe  would  more  nearly  coincide  with  the  curve  of 
vertical  pressmcs  on  the  pipe  up  to  h  =  h'. 
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In  the  experiments,  the  weights  recorded  on  the 
scales  included  the  weight  of  earth  over  the  pipe  up 
to  the  level  of  the  crown.  This  weight  was  subtracted 
to  obtain  KW,  the  actual  vertical  pressure  on  the  plane 
through  the  top  of  the  pipe,  i  feet  wide.  Then  the 
experiments  proved,  as  theory  indicates,  that  for 

h<h',  KWywbJi,  K>1, 
h  =  h',  KW  =  whn,  K=l, 
n>]i',  KW<wbh,  K<1. 

For  the  clay  filling  the  weights  per  cubic  foot  were 
roughly  the  same  for  a  cube  of  the  earth  cut  from  the 

ORIGINAL  SURFACE 
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Figure  9. — Diagram  Used  in  Dis- 
cussing Pressure  on  Pipe  During 
Placing  and  Removal  of  Fill 

top  of  the  rolled  fill  as  for  the  earth  when  the  fill  had 
be^cn  removed  to  any  level.  The  clay  recovered  its 
original  shape.  In  fact,  as  a  heavy  road  roller  passed 
over  it,  the  clay  was  seen  to  sink  an  inch  or  more  and 
then  rise  to  its  original  level.  Of  course,  for  any  fill, 
the  weight  per  cubic  foot  in  the  interior  is  greater 
than  at  the  surface  after  rolling,  on  accoimt  of  the  com- 
pression, but  this  is  not  shown  by  the  weighing  of  a 
cube  of  earth  cut  out  at  the  level  to  which  the  fill  was 
removed,  on  account  of  the  recovery  of  shape.  The 
trench  condition  called  for  placing  the  pipe  in  a  trench 
about  3.5  feet  wide  and  extending  4.15  feet  above 
the  top  of  the  pipe  and  then  filling  in  with  loose  earth 
and  completing  the  fill  as  usual.  The  pressures  are 
less  than  before  because  of  the  increased  sinking  of 
the  earth  over  the  pipe,  causing  rubbing  along  vertical 
planes,  so  that  much  of  the  weight  of  the  earth  verti- 
cally over  the  pipe  is  transferred  by  friction  and  cohe- 
sion to  the  sides. 

Wlien  both  sand  and  clay  fill  was  being  removed, 
the  vertical  pressures  recorded  on  the  scales  was 
greater  than  when  the  fill  was  being  raised  for  any 
given  heiglit.  To  explain  this,  suppose  the  distorted 
pipe  in  Figure  9A  not  to  have  its  elasticity  impaired; 
then  as  earth  is  removed  (fig.  9B),  the  pipe  will  tend 
to  recover  its  form.  To  effect  this,  the  pipe  will  have 
to  push  up  the  (shaded)  mass  of  earth  vertically  over 
it;  but  this  is  resisted,  not  only  by  the  weight  of  this 
mass,  but  also  by  the  resistance  to  upward  motion, 
2{Ef'  +  c'h),  along  its  sides  due  to  friction  and  cohe- 
sion, which  always  oppose  the  motion.  It  is  plain 
now  that  an  increase  in  the  vertical  pressure  on  the 
pipe,  for  the  same  h,  in  lowering  the  fill  over  that  in 
raising  it,  could  have  been  predicted. 

All  of  the  preceding  results  show  that  the  deflection 
of  the  pipe  is  a  leading  factor  in  the  theory  of  the  vertical 
pressure  actually  exerted  on  the  pipe.  Its  influence 
should  be  more  pronounced  the  thinner  the  pipe.  The 
simple  theory  advanced  has  a  practical  value  in  showing 
that  the  case  of  Figure  7  is  the  least  advantageous  one 
in  that  there  is  less  of  the  weight  of  the  earth  over  the 


pipe  transferred  to  the  sides  than  for  the  cases  illustrated 
by  Figures  4  and  8.  At  least  90°  of  the  circumference 
of  any  pipe  should  l)ear  on  the  ground  or  on  concrete, 
and  any  earth  under  it  or  on  its  sides  should  be  well 
tamped.  The  conditions  shown  in  Figure  8  are  very 
favorable,  particularly  if  the  side  walls  are  carried  up 
as  high  as  the  pipe. 

For  sewer  trenches  cut  out  of  consolidated  ground,  a 
working  space  on  either  side  of  the  pipe  will  necessarily 
have  to  be  allowed;  but,  otherwise,  the  trench  should  be 
as  narrow  as  possible.  Thus,  in  Figure  7,  let  the  verti- 
cal planes  tangent  to  the  pipe  represent  the  sides  of  the 
trench  in  consoUdated  ground;  then,  since  e'  is  the  de- 
flection of  the  hard  ground,  caused  only  by  the  part  of 
the  weight  of  the  loose  earth  filled  in  over  the  pipe  that 
is  transferred  to  the  sides,  e'  is  practically  zero,  and  the 
weight  transferred  is  a  maximum.  But,  as  the  width  of 
the  trench  increases,  e'  will  increase,  since,  now,  it 
represents  the  deflection  of  loose  earth;  the  weight 
transferred  will  decrease  (by  the  preceding  theory)  and 
thus,  the  load  actually  carried  by  the  pipe  increases. 
It  is  thus  highly  desirable  in  practice  to  make  the 
trench  as  narrow  as  a  proper  working  space  will  allow 
and  to  have  its  sides  vertical. 

APPENDIX  II 

STRESSES  AND  DEFLECTIONS  OF  PIPE  CULVERTS 

By    WILLIAM    CAIN,   Professor   Emeritus  of   Mathematics,   University  of  North 

Carolina 

The  pressure  cell  readings  give  pressures  over  a  small 
area  and  not  average  values  over  a  much  larger  area; 
they  are  sometimes  erratic;  still  they  give  information 
of  great  value.  Thus,  although  Oi,  the  unit  load  at 
the  crown  of  the  pipe  cis  determined  by  cell  4  reading 
(fig.  1),  exceeds  Kivh,  as  given  by  the  weighing  machine 
by  from  0  to  50  per  cent  for  the  various  pipes  tested, 
nevertheless  the  variation  in  lateral  stress  on  a  vertical 
plane  is  clearly  indicated  by  cell  readings  1  and  7,  2  and 
6,  3  and  5;  ao,  the  unit  lateral  stress  diminishing  in 
going  up  or  down  from  the  ends  of  the  horizontal 
diameter  somewhat  as  represented  in  the  diagram. 

SURFACE  OF  FILL 


Figure  1. — Distribution  of 
Horizontal  Pressure  on  Side 
of  Pipe 


As  a  cell  reading  gives  the  normal  component  in 
pounds  per  sc^uare  inch,  let  n  equal  this  normal  com- 
ponent at  cell  3,  then  to  find  az  consider  the  right  prism 
of  earth  ABC  of  Figure  2,  with  a  length  of  1  inch 
perpendicular  to  the  plane  of  the  drawing  and  the  sides 
AB  and  BC  1  inch  in  length.  Then  AC  =  V^  inches. 
The  prism  is  considered  as  having  no  weight  (to  corre- 
spond to  infinitesimal  dimensions).  Resolving  the 
three  forces  in  equilibrium  perpendicular  to  AC,  we 
have, 
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(ai  +  02)  COS  45°  =  nV2,  since  cos  45°=    /->   we  have 

ao  =  2n-ai (1)' 

The  component  of  the  stress  on  AC  acting  parallel  to 
AC  is  carried  by  the  friction  of  earth  on  cell.  At  the 
level  of  cells  3  or  5,  the  value  of  ai  was  taken  as  the 
reading  of  cell  4  approximately. 

The  same  formula  for  a2,  the  unit  pressure  on  a 
vertical  plane  applies  to  readings  of  cells  1  and  7. 
However,  if  we  use  the  full  vertical  pressure  at  this 
depth  for  the  value  of  ai,  the  value  of  02  is  negative  in 
half  the  cases.  It  is  then  certain  that  this  full  value  of 
Oi  is  never  exerted  over  this  lower  part  of  the  pipe. 

In  view  of  the  uncertainties,  02  was  assumed  to  vary 
somewhat  as  in  Figure  1,  though  for  ease  of  computa- 
tion, the  forces  acting  on  the  pipe  are  taken  as  in  Figure 
3.  Here,  for  brevity,  tv'  =  Ktv,  a  =  cos  <^i,  ON=ra. 
Then,  the  vertical  unit  load,  KwJi  =  w'h,  acts  on  the 
pipe  from  B  to  A  and  the  vertical  reaction  acts  on  the 
pipe  from  A  to  J,  though  both  are  drawn  as  if  acting 
on  horizontal   planes.     Similarly,   the   average  lateral 


Figure  2. — Pressures  on  Elemen- 
tary Prism  of  Fill 

thrust,  q'  Iuvh  =  qw'h,  acts  along  the  pipe  from  I  to  J, 
though  drawn  as  if  acting  on  a  vertical  plane. 

No  lateral  stress  is  assumed  to  act  on  BI  or  JD. 
When  (/>!  =  BOI  =  DO  J  is  less  than  30°.  the  error  is  small 
for  IB  and  negligible  for  JD,  under  which  the  earth  is 
not  well  tamped,  so  that  on  JD,  there  is  very  little 
horizontal  or  vertical  pressure. 

In  the  formulas  to  be  derived  for  thin  circular  pipes 
of  1-inch  length  let, 

?'  =  mean  radius  in  inches, 

&  =  2r  =  mean  diameter  in  inches, 

t  =  thickness  of  pipe  in  inches, 

/=  ..„i^  =  moment  of  inertia  of  a  normal  section 

of  a  pipe  about  its  neutral  axis, 
7i  =  height  in  inches  from  top  of  pipe  to  surface 

of  fill, 
w  =  weight  in  pounds  per  cubic  inch  of  earth  fill, 
^  =  ratio  of  weight  of  earth  actually  sustained 
by  tlie  upper  half  of  pipe  to  the  weight  of 
earth  vertically  over  it, 
w'  =  Kw,  so  that  the  actual  vertical  load  on  pipe, 
assumed  uniformly  distributed  on  a  hori- 
zontal plane  through  the  top  of  the  pipe, 
is,  Kwh  =  w'h  per  square  inch, 

1  This  same  formula  is  a  .special  case  of  the  general  formula  31,  p.  83  of  Cain's  Earth 
Pressure  Walls  and  Bins. 


?  =  ratio  of  lateral  load  to  vertical  load,  hence, 
{2'w'A  =  horizontal  load  in  pounds  per  square  inch 
on  a  vertical  plane, 
£"= modulus  of  elasticity  of  pipe  in  pounds  per 
square  inch, 
The  loads   being  symmetrical   with  respect  to   the 
vertical  diameter,  the  thrusts  Ri  and  R2  at  B  and  D  are 
horizontal. 

Mb,  Mc,  and  Md  represent  moments  at  B,  C,  and 
D,  counter  clockwise  moments  being  taken  as  positive. 
The  moment  of  Ri  about  C  =  i?:  X  BF  =  Ri  (r-r  cos 
0),  which  is  likewise  the  moment  about  C'  =  i?iXBE, 
if  <^  =  BOC';  for  then,  (r-r  cos  </.)  =  BO  +  OE,  since  0 
is  now  an  obtuse  angle. 

The  moment  of  the  vertical  load  about  C  is, 

-  w'h  X  CF  X  -^CF  =  -  w7t  X  r  sin   <^  X  ^r   sin  </>  =  -  ^ 

tv'hr'  sin-  0.  For  C  the  load  on  BAC  is  that  on  BA 
minus  the  reaction  on  AC.  As  the  latter  balances  the 
load  on  CA,  the  moment  about  C  is  the  same  as  that 

about   C  or    — -^w/Ar-sin-  <p    (clockwise   and    therefore 

negative).  For  any  point  C"  on  JD,  where  0  =  BOC", 
the  vertical  load  on  BAC"  equals  the  vertical  load  on 
BI,  since  the  reaction  on  AJ  balances  the  load  on  AI. 
The  load  on  Bl  =  w'hr  sin  0  and  its  lever  arm  about 

C"is  (  — r  sin  0i  —  r  sin  0  1'  so  that  its  moment  about  C" 

is,  w7ir^  sin  qiJ  —  sin  ^i  — sin  0  )•     This  gives  a  positive 

or  counter-clockwise  moment  when  C"  is  to  the  right 
of  the  vertical  through  the  center  of  gravity  of  the  load 
on  BI  and  a  negative  moment  when  C"  is  to  the  left  of 
this  vertical,  as  should  be  the  case. 

For  the  lateral  forces;  the  load  on  3IC  =  q^w'h  (r  cos 

01  — r  cos  0),   and  its  lever  arm  about  C  is,  7y(r  cos 

01  — r  cos  0),  so  that  its  moment  about  C  is  —-^qw'hr 

(a  — cos  0)^,  on  substituting  for  brevity  a  =  cos  0i. 
Wlien  0  =  BOC',  the  same  formula  applies,  since  (r  cos 
01 -r  cos  0)  =  NO  +  OE  =  NE.  For  a  point  C"  on  JD 
(0  =  BOC"),  the  lateral  load  on  BAC"  is  the  total, 
qw'h.  GN  =  2  qtv'hr  cos  0i,  and  its  lever  arm  is  0K  = 
r  cos  0,  giving  a  moment  about  C" ,  2qw'har^  cos  0, 
which  is  negative  since  cos  0  is  negative. 

In  summing  the  moments  for  the  entire  arc  BAD,  the 
limits  of  the  integrations  must  be  carefully  attended  to. 
The  sum  is, 

fir  rw  rw  f  7^-01 1 

i/(?0=      Msdcj)-]-     i?ir(l-cos0)(/0-  -rw7irsin2  0, 

Jo  Jo  Jo  Jo      ■^ 

d4>  +       w7ir^  sin  0i  (  k  siii    0i  —  sin    4>\d<i>  — 


J' 

J  01 

j: 


^qw'hr   (a^  — 2a  cos  0  +  cos^  0)   d4>  + 
2  qw'  alrr  cos  0  (70 (2) 


This  expression,  which  is  proportional  to  the  relative 
rotation  of  the  cross  sections  of  the  pipe  at  B  and  D 
is  zero,  since  these  sections,  on  account  of  symmetry 
about  a  vertical  diameter,  remain  vertical. 


Thus,  r 


Md4>  =  0 
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Further,  the  horizontal  displacement  of  B  as  to  D  On  substituting  this  value  of  Ri  in  equation  6  and  rcduc- 

is  zero.     In  the  displacement  theory  (see  any  book  on  ing,  we  derive 

arch   theory)   the  origin  is  always  taken  at  the  end  P 

supposed  free  and  the  moment  at  each  point,  C,  C'  ■,r3Iu  =  to'hA  1/3  sin'  <^i  +  sin  (/.i  +  j-^^  (1 +  2  sin"    0,) 

or  C",   is  multiplied   by   the  ordinate   at   that  point  L                                      4     4 

perpendicular   to   the   supposed   displacement.     Thus,  3     .     ,-,  ,  1         ,;  ,r          tt  — 2<^i/  ,  ,    1\     „,.     • 

if  D  is  regarded  as  the  fixed  end  and  B  as  the  free  end,  's  ''"  ^^^]-'^I'^  f^'\<^^-       2-^"^  2)-^^^  ''" 

the  ordinate  in  question  is  the  vertical  distance  from  -1 

B  to  C   (or  C  or  C"),  r(l-cos  </>);  and  the  theory  2<^,    (8) 

gives  the  displacement  of  B  relative  to  D  as,  -* 

1    T'^                                 r-  C''  As  a  check,  place  </>,  =  0,  a  =  cos  (t>i  =  l,  then  equations  7 

j^j^Mril  -  cos  </>)  ds  =  EjjJ^i^  -  cos  0)  rf<^  =  0,  and  8  reduce  to  well-known  formulas. 

since,  (Zs  =  <^(r0)=r(Z<^.  ai      <•,•"■         ^       i           .•        ^       1  o               -^x. 

Also  lor  <^i  =  ^>  a  =  0  and  equations  7  and  8  agree  with 


an  independent  solution  for  no  lateral  load. 


M  cos  4>  <l4') 
2 


Since,     Md4>  =  0,  this  reduces  to 

ilf  cos  4)  d4>  =  Q (3)        But  the  most  complete  check  was  obtained  by  verify- 

Jo  ing  the  relation 

Similarly,  the  horizontal  displacement  of  i?  as  to  yl, 
regarded  as  fixed,  is  r^  r  t  r  tt 

"  M  cos  (j)d(i)+       ^  J/cos0fZ(/)=  M  cos  (j)  d4>  =  0 

r^  r"2  Jo  J  T  -'o 

^°*        '  ~'~~  'VV        •     1    by  actually  integrating  between  the  limits  indicated 

Lastly,  by  the  same  rule,  the  decrease  of  the  vertical    ^he  first  two  terms  and  proving  that  this  sum  is  equal 
diameter  is,  to  zero. 

e£  =  —  ^r     M  sin  (})  d(f> (5)        The  increase  in  the  horizontal  diameter  bv  equation 

^^•^°  .  .  4  is 

We  now  proceed   to   integrate   Equation    2,   placed  ^      jr_ 

equal  to  zero,  giving:  AZ  =  "^"      ^  3f  cos  0  dc^ 

r                   "1 ''      1               fd)      1     .          "!''-*'  ^i  Ja 

7rilfij  +  7?ir     0-sin(/)      --^  v/hr  \ -^--j  sm  2(j)  I  i-i    •      1               i, 

L               J  0     2             L2     4             J„  which  is  also  equal  to 

,,  o  .         Fsin  4>i      ,  "I" 

+  to  h)-sn\  4>i        cy      4>  +  cos  4>  2r-  f  '^ 

L    ^  J  "-1"  -  P, .      , . 

-2  qw'hr'  [aV-2a  sm  ^  +  ^  +  4  sin  2</,J^_  ^^  -^^^  ^^^^^^ 

+  2g'u;7i,rcos  (/),     sin  0  =0.  ^^     2/T  f'^f  .,  t>     ,  9  1 7        1 

^  L         J--^i  ^^^El\  I  ^  ^""^  (t>  +  Rir  (cos  0-cos  ^  m-  2 

On  reducing,  noting  that  sin  (7r  —  0)=  sin  01.  LJo    L  J 

cos(7r— 0i)=  —  cos    01    sin(2x  — 20i)  =  —  sin    20i.  r^  j  r^ 

2sin  0icos  0i  =  sin20i.     we  find,  '      w'hr  sin-  0  cos  0  (?0-  ^qw'lir-  I   '  a^  cos  0 

.M,  +  B,:  +  w'hr^-  [-j  +  |(l+2  siir'0i)  +  %  sinV:  _o«  eos^  0  +  cos3  0)cZ0] 

-  sin  01  -  (iio'hr-  I  ('a-  +  2)'^    2"^  "^  +  /<  sin20i  J  =  0-  -  (6)        Tj^g  general  integrals  of  these  terms  have  already  been 

given,  so  that  it  is  readily  verified  that 

Next,  to  evaluate  equation  3,  multiply  each  term  to  |-  2 

the  right  of  the  integral  sign  in  equation  2  by  cos  0,  in-    AX  =  "^d  71/^  +  0.215    7?ir-0.1G7    w'hr-qw'hA  ^  -^ 
tegrate,  and  place  the  sum  =  0.  -ti-'L  L-^       ^ 

fir     •     .  .  7,      ,  •     .      ^     1    •    o.^1'     fi/r    n  "  +l/3+"J+ia  sin   20i-  ~  sin  0i    (a2  +  2/3 

il/i,  sin  0  +  7?ir  (sin  0- ^-7Sin20)      -    llQii/hr-  '24  ^2 

n--^'  ,     ,7  o   .     ,ri    •    ^     ■     ^      1    ■     2,1'^  + 1/3  CDS- 0i)1  I (9) 

sinV           +  "^'^  '^""  '^"^  H  2  ^"^  '^'  ^^^  ^  ~  2  ^^"    Mtt  -  01  -"-^ 

r         .                /        sin  20A              .  We  have,  finally,  to  derive  a  general  formula  for  ver- 

—  Yiqwlir  a^    sin  0-a  I  04 ^ — )   -M/3sin  0    (2  ^^^,^\  deflection,  or  decrease  in  vertical  diameter,  by 

4"       ,                      i-i       •    o^-i  eftecting  the  integrations  of  equation  5, 

+  cos^0)1r'^'+22i'//^r^«r|+-/^1"     .=0-  ,3    r. 

>^  L2         4     >-0i  e,=  -ij\      il/sin0cZ0. 

TT  TT  i^i   Jo 

.-.- R-j'- -llQw'hr'- sin^  (j)i  +  qio'hr^a^  =0  .  .       ^  ,         ,x- 

2  ^  The  separate  terms  in  equation  2  were  eacli  multi- 

„         ,,  r     sin'  01  ,      "1  ,„x  plied  by  sin  0  to  the  right  of  the  integral  signs;  then, 

.■.R,-w'hr\_-^^+qaj (0  Integrating, 
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C'  r  "1'^  r  sin^  (t>~V 

M  sin  (t)d(l)  =  -  Mb\  cos  </>       -  RM  cos  (^  +  -^ — 

I  w'/ir-ri/S  cos  ct>  (2  +  sin2  <^)1p 

,1  ,    ■        r     1    •      ,                /</)     sin  2A"1'^ 
/Ar-  sm  <^,[- 2  sin  0,  cos  .^-(^^ T^JJ^-^, 

1  r  .  ~|'r-<#'l 

—  —  qw'hrn  —  a'^  cos  0  — ft  sin^  <p  —  l/^  cos^  <^ 
+  (Zw7*7%[sin2cA]'^^^^ 

The  bracketed   term   whose  coefficient  is  w'Jir^  sin 

<^i,  finally  reduces  to     -  ^ — - — ~   • 

The   first   term   involving   q,   reduces    to,    —qw'hr^ 
[a^+  1/3  a^],  on  replacing  cos  <^i  by  a. 
On  reduction  of  all  the  terms,  we  find, 


eE=  ~ 


EI 


2MB+2Rir+w 


'hr[- 


1/6  cos  4>i  (2 


+  sinVi )  -  1  /3  - .,  (<?!)i  -  sin  </)i)  sin  (/>i 

—  q^v'hA  -X- +  a  sin- </>i     > (10) 


SURFACE  OF  FILL 
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Figure  3. — Assumptions  as  to  the 
Distribution  of  Pressure  on 
Pipe 

All  of  the  forniulas  assume  that  the  limit  of  elas- 
ticity has  not  been  exceeded  and  that  the  circular  shape 
of  the  pipe  has  been  changed  by  only  infinitesimal 
amounts.  This  is  not  true  for  very  flexible  pipes  under 
deep  fills.  The  pipe  is  distorted  into  a  quasi-elliptical 
form,  and  the  theory  should  be  applied  to  this  dis- 
torted curve  in  place  of  to  the  circular  curve,  which, 
of  course,  is  impracticable.  When  stresses  are  finally 
computed,  some  limits  of  li  or  depth  of  fill  may  be 
indicated  beyond  which  the  formulas  are  inapplicable. 

When  01  equals  zero,  sin  0i=O,  cos  <Ai  =  a  =  l,  in 
Figure  3,  I  coincides  with  B  and  J  with  D,  the  lateral 
forces  extend  over  the  full  height  of  the  pipe  and  the 
vertical  reaction  is  uniformly  distributed  over  the  base, 
the  case  being  as  represented  in  Figure  4. 


The  equations  7,  8,  9,  and  10,  now  reduce  to, 
Ri  =  R2  =  qKvohr 
MB=MD  =  \{\-q)  Kwhr' 


.  ^     1  Kwhr^  ,.       , 


(11) 


,     Kwhr*  .         . 
6^=1/6  — gj-  (1-2) 


These  formulas,  when  -BC=1,  agree  exactly  with 
those  derived  by  Arthur  N.  Talbot,  and  reported  in  Uni- 
versity of  Ifiinois  Bulletin  No.  22  {21^). 

The  Equations  7,  8,  9,  and  10  reduce  to  simple 
forms  as  soon  as  a  value  of  ^i  is  assumed,  thus,  for 
(^1  =  30°,  a  =cos  (/>!  =  0.866,  we  derive,  from  equation 
7  and  8, 

i?i    =-Kwhr   [- 0.013 +  0.866g] 
2^2   =Kwhr   [  +  0.013  +  0.866?] 

Mb=  Kwhr"  [0.257-0.242  5]      [ (12) 

Mu=Kwhr'  [0.356-0.242  q\ 
Ma=-  Kiohr'  [0.256 - 0.249  q\  ] 

The  value  of  R2  is  derived  from  the  equation, 
i?i  +  /?2  =  2  qiv'hra,  and  Md,  by  taking  the  moments 
about  D  of  the  forces  shown  in  Figure  3. 

Thus: 

3Id  =  Mb  +  Ri2r  +  Yi  w'hrhm^(t>i  -  ^qw'hr'cos  <^,. 

For  Ma,  the  forces  to  be  considered  are  those 
acting  on  BA.  From  Equation  9,  for  <^i  =  30°,  there 
is  found  the  increase  in  horizontal  diameter. 


(13) 


and  from  Equation   10,  for  0i=3O°,   the  decrease  in 
vertical   diameter. 


eE  = 


KW¥ 
9QEI 


[1.06-2] (14)' 


These  formulas  are  inapplicable  when  q  exceeds  a 
certain  value,  as  will  be  subsequently  proved. 

In  Equation  12  and  13,  W  =  vjhh,  the  weight  in 
pounds  of  the  prism  of  earth  vertically  over  the  pipe 
of  mean  diameter  b  for  a  length  of  pipe  of  1  inch. 
All  dimensions  are  in  inches,  KW  is  the  vertical  load 
actually  sustained  by  the  pipe  as  obtained  by  the 
weighing  apparatus.  Use  will  now  be  made  of  Equa- 
tions 13  and  14,  using  the  correct  experimental  values 
of  Ax,  Ce  and  K  to  compute  q,  and  compare  with  the 
"average  g"  as  determined  from  the  cell  readings. 

Referring  to  Figure  1,  it  w'ill  be  assumed,  as  a 
rough  approximation,  that  the  average  02  acting 
on  the  side  of  the  pipe  considered  in  0.75  times  the 
value  of  ^2  given  by  cell  2  reading.  As  the  distribu- 
tion of  any  weight  of  earth  transferred  to  or  from  the 
sides  is  unknown,  it  will  be  ignored,  and  it  will  be 
assumed  that  the  unit  vertical  stress  on  a  horizontal 

2  When  <ji=20°  the  bracket  in  Equation  13  is  changed  to  [1.01— 1.02?]  and  that  in 
Equation  14  to,  [1.02— l.Olvl.  As  <j>,  approaches  zero  these  bracketed  terms  both  ap- 
proach [1—5)  as  hitherto  proved 
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Ji  +  r 
plane  at  the  level  of  cell  2  is,  -  ,  -  (cell  4  reading) 

„  „_      (cell  2  reading) 
.  .  average  2  =  0.75t-— ^ — — 

—7— (cell  4  reading) 
Thus,  for  /i  =  120  inches,  r=15  inches, 

A      .  —  -  ^—^  ^  reading 

'  "^    -^     3  cell  4  reading 

The  weight  of  the  sand  used  in  the  fill  is  107  pounds 
per  cubic  foot 

.'.  w  =  0.0615  pounds  per  cubic  inch. 

The  height  of  fill  above  the  pipe  was  taken  as  10  feet; 

.•.  h=120  inches  and  wJi  =  7.38, 
&  =  mean  diameter  of  pipe  in  inches,  W^whb, 
i  =  thickness  of  pipe  in  inches;  /=   Y^f. 

It  was  assumed  that — 

£"=27,000,000  pounds  per  square  inch  for  iron; 
£=30,000,000  pounds  per  square  inch  for  steel; 
£=10,000,000  pounds  per  square  inch  for  cast  iron. 

The  results  are  given  in  Tal)le  1. 

There  was  a  firm  belief  with  the  experimenters  that 
the  earth  as  placed  under  the  pipe  gave  practically  no 
bearing  or  reaction  for  perhaps  30°  to  40°  on  either 
side.  Hence  the  assumption,  ^i  =  30°,  which,  it  is  seen 
froniTable  1,  gives  nearly  equal  values  of  q,  whether 
it  is  computed  from  Equation  13,  using  the  experimental 
AX,  or  from  Equation  14  with  the  experimental  Ce- 
The  use  of  Equation  11  gives  practically  consistent 
results  also  (see  columns  10  and  11)  which  differ  only 
by  4  to  6  per  cent  from  those  given  in  columns  7  and 
9  of  Table  1. 

In  discussing  the  results,  let  us  assume  for  simplicity, 
4>i  =  0,  or  the  distribution  of  forces  as  shown  in  Figure  4. 
Then,  up  to  some  height  of  fill,  corresponding  to  a  very 
small  defiection  of  the  pipe,  only  active  horizontal 
earth  thrust  is  exerted.  If  we  assume  for  the  sand 
fill  with  5  per  cent  moisture  an  internal  angle  of  fric- 
tion^ of  <^  =  42°,  the  ratio  of  lateral  to  vertical  unit 
pressure,  by  Ranldne's  formula  is, 


1  —  sin  (f) 
1  +  sin  (f) 


=  0.2. 


Now,  as  the  height  of  fill  increases,  the  experiments 
show  that  the  vertical  diameter  decreases  and  the  hori- 
zontal diameter  increases,  so  tliat  for  a  little  less  than 
45°  above  and  below  the  ends  of  the  horizontal  diam- 
eter, tlie  sides  of  the  pipe  s])read  horizontally  and  tluis 
cause  a  horizontal  passive  resistance  or  reaction  of  tlie 
earth,  which  increases  with  the  deflection.  But  when 
the  intensity  of  this  liorizontal  reaction  is  equal  to  the 
intensity  of  the  vertical  load  on  the  pipe,  or  q=l,  then 
from  Figure  4,  we  have  liquid  pressure,  so  that  there 
are  no  bending  moments  in  the  pipe  and  no  deflection 
except  tliat  due  to  the  tangential  stress  which  causes  a 

decrease  in  diameter  of  2   — ^^,  which  is  ver}^  small 

and  negligible.     Thus,  we  have  the  inconsistency  that 

SURFACE  OF  FlUU 


J[ T     J—'  ~~<^    ' '■* 

*■  \  /  ^ 


'  The  symbol,  0,  has  been  used  in  connection  with  polar  coordinates  of  Figure  3. 
It  is  used  here  as  the  customary  symbol  for  angle  of  internal  friction. 


Figure  4. — Equal  Distribution 
OF  Pressure  on  Pipe  in  Four 
Directions 

when  g  =  l,  theory  gives  only  a  minute  deflection,  ab- 
solutely negligible,  whereas  experiment  records  a  large 
deflection  both  vertically  and  horizontally.  The  ex- 
planation is  simple. 

The  theory  treats  the  passive  resistances  as  if  they 
were  active  forces,  always  in  contact  with  the  pipe, 
and  following  up  any  inward  movement,  and  that 
the  vertical  loads  on  the  pipe  remain  the  same,  so  that 
as  q  approaches  1,  the  sides  move  inward  and  the  top 
rises,  and  when  q=l,  the  pipe  returns  to  its  original 
position;  whereas  the  passive  resistances  are  caused 
entirely  Ijy  the  lowering  of  the  crown  and  the  spread- 
ing of  the  sides,   and  since   the  earth  is  imperfectly 


Table  1. — Comparison  of  calculated  and  measured  values  of  q  for  10-foot  Jill  and  4>i  equals  30°  in  equations  13  and  14,  and  <t>i  equals  0 

in  Equation  11 


Diameter 
2 

Thickness 
3 

K 

4 

96EI 
5 

Experi- 
mental 
Ax 

6 

g  by 

Equation 

13 

7 

Experi- 
mental 

8 

9  by 

Equation 

14 

9 

g  from  Equation  11 

Kind  of  pipe 
1 

By  aid 
of  AX 

10 

By  aid 

of  tE 
11 

Average  q 
from  cells 

12 

Steel  tube,  first  test  >                                         

Inches 
30 
30 
30 
20 
30 

Inch 

0.349 
.349 
.109 
.076 

1.00 

0.76 
1.00 
.62 
.58 
1.29 

0.446 
.580 
13. 20 

7.22 
.096 

0.149 
.259 
.509 
.424 
.082 

0.71 
.60 

1.00 
.98 
.18 

0.172 
.  2(17 
.7.11 
.477 
.OSS 

0.67 
.60 

1.00 
.99 
.14 

0.67 
.56 
.96 
.94 
.14 

0.61 
.54 
.94 
.93 
.08 

0.43 

Steel  tube,  second  test ' .-- 

.90 

Smooth  iron  '       . 

.81 

Smooth  iron  ' .,-  . 

.98 

Cast  iron 

.17 

>  In  the  University  of  Illinois  Bulletin  No.  22,  April  28,  1908.  the  results  of  tests  of  cast  iron  are  given.  The  modulus  of  elasticity  of  strips,  2  by  24  inches,  cut  out  of 
cast-iron  pipes  and  tested  in  cross-breaking,  varied  from  9,900,000  to  14,500,000  pounds  per  square  inch;  but  when  the  pipe  itself  was  subjected  to  a  concentrated  load  and 
the  exact  formula  for  deflection  was  used,  E  varied  from  6,500,000  to  14,300,000,  averaging  10,000,000  pounds  per  square  inch.    The  latter  value  especially  applies  here. 
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elastic,  there  can  be  but  little  inward  motion  of  the 
earth,  so  that  the  passive  earth  resistance  does  not 
(and  can  not)  act  as  if  it  was  an  active  thrust  to  restore 
the  pipe  to  its  original  circular  form;  besides  the 
supposed  rise  at  the  crown  would  be  resisted  not  only 
by  KW,  but,  in  addition,  by  the  friction  and  cohesion 
acting  along  the  sides  of  the  vertical  prism  of  earth 
directly  over  the  pipe  which  always  act  opposed  to 
the  motion. 

All  the  formulas  for  inoments,  thrusts  and  deflec- 
tions are  correct  for  q  less  than  some  unknown  value, 
qi,  corresponding  to  a  maximum  deflection.  For 
g>2b  all  the  formulas  are  inapplicable,  since,  as  we 


Figure  5. — Forces  Acting  on  Pipe  in  3-point  Method 
OF  Testing 

have  seen,  tliis  involves  a  rise  of  the  crown  of  the  pipe, 

which  is  impossible. 

To  clarify  ideas,  let  us  assimae,  as  h  increases,  that 

K  remains  constant,  but  that  q  varies  with  h  according 

KWh'^ 
to  the  parabolic  law,  q^  =  ch.     Then,  puttmg,  „„  „j^  =A, 

a  constant,  we  can  write  for  the  deflection, 

eE  =  Ah  (l-g)=J-  (h-^l~c¥). 

This  is  a  maximum  when   j?  =  0,  or,  when, 


dh 


1 


n^lch 


0,  .-.   l-22i  =  0,  or,  (Zi 


This  is  a  plausible  law  of  variation  and  value  of  gi,  but 
it  is  only  roughly  approximate. 

A  linear  variation,  q  =  ali,  woidd  lead  to  2i  =  -^-     The 

first  law  seems  more  probable,  and  until  more  definite 
information  is  attainable,  it  may  be  assumed  that 
when  q  is  less  than  0.67,  that  all  the  formulas  are 
correct  (for  the  hypothesis),  but  that  when  q  is  greater 
than  0.67,  they  are  inapplicable. 

However,  as  in  all  cases  of  a  maximum,  the  results 
vary  very  little  near  the  maximum  value,  perhaps  the 
limit  q,  can  be  extended  to,  say,  0.7.  Such  a  limit 
would  rule  out  the  computations  of  Table  1  for  both 
the  "smooth  iron"  pipes  for  which  values  of  q  equal 
to  1  were  derived.  These  should  be  ruled  out  likewise 
because  the  limit  of  elasticity  has  been  considerably 


exceeded,  and,  in  fact,  the  breaking  point  nearly 
reached,  as  computation  shows,  q  can  not  be  greater 
than  1,  for  it  entails  the  absurdity  that  a  passive 
resistance  should  exceed  the  weight  which  produces 
it  and  actually  overcome  this  weight  and  cause  the 
top  of  the  pipe  to  rise  higher  than  its  original  circular 
position. 

A  preferable  method  for  finding  q  is  to  compare  the 
deflection  Cp  for  a  pipe  under  a  single  load  P  (fig.  5),  using 
the  three  point  laboratory  method,  with  the  deflection 
after  the  pipe  is  placed  in  the  fill. 

In  Figure  5,  the  moment  at  any  point  C  is, 

p 
M=  Me~t^  r  sm  0. 

Since,  from  symmetry,  the  sections  at  A  and  B  do  not 
rotate. 


£ 


Md(l)  =  0;  giving 
i/B  =  — =  0.318  Pr. 


-(15) 


The  decrease  in  vertical  diameter,  by  Equation  5,  is 


Cn^ 


2r_ 
EI, 


j; 


h        .  2r^ 

M  sin  4)d(j)=  ~  vj 


n 


Ms 


r  sin  4>  )  sin  </»  d4> 


^  El\_ 


Mb  cos  </>  + 


PLf± 
2  V2 


sin  2(t>\l  "/2 


r 


.  en  = 


Eli 


Mb  + 


-^J  =  0.150  — 


.(16) 


_  0.1 50  P¥ 

8       EI 

On  dividing  Equation  14  by  this  equation  and  solving 


(1.06- 


.eEl^P_ 


(17) 


Thus,  E,  I,  and  h  have  been  eliminated,  so  that  a  value 
of  q  computed  from  this  equation  should  prove  more 
accurate  than  one  as  estimated  by  the  previous  method. 
The  results,  by  use  of  this  formula,  gave  almost  exactly 
the  values  of  q  of  the  table  for  the  various  tests  on  the 
"steel  tube,"  though  the  stress-strain  curve  was  some- 
what curved.  For  the  30-inch  cast  iron  pipe,  1  inch 
thick,  the  derived  value  of  q  was  —  0.05.  This  impossible 
negative  value  is  perhaps  partly  due  to  the  very  small 
deflection,  but  mainly  to  the  fact  that  the  tube  was  not 
circular,  the  inner  diameter  varying  in  various  du'ec- 
tions  from  29.716  inches  to  29.792  inches. 

On  solving  Equation  17  for  E\V,  there  is  found, 


KW= 


Be 


Be 


1.8P 


Cj,  1.06  — g' 


(17A) 


When  q  and  the  ratio,     »  are  known,  this  formula  enables 

one  to  compute  EW,  or  the  vertical  load  actually  sus- 
tained by  the  pipe.  For  small  deflections  of  the  pipe, 
only  active  horizontal  earth  thrust  is  exerted.  Thus, 
if  Rankinc's  formula  is  used,  for  <^  =  42°,  then  g  =  0.2. 
For  large  deflections,  passive  resistance  is  experienced 
and  q  is  increased. 
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UNIT  STRESS  DISCUSSED 


Let  us  assume  compression  positive,  tension  negative; 
then,  if  P  is  the  tangential  stress  on  a  certain  section  of 
the  pipe,  1  inch  long,  and  M  is  the  bending  moment 
where  the  neutral  axis  crosses  it,  then  the  usual  formula 
for  the  unit  stress  at  the  extrados  or  the  intrados  is, 

•^=7^1^ (18) 

Since  M  has  been  assimied  positive  when  counter  clock- 
wise, the  upper  sign  will  refer  to  the  extrados,  the  lower 
to  the  intrados.  When  all  dimensions  are  given  in 
pounds,  the  stresses  are  in  pounds  per  square  inch. 

Usually,  the  first  term  i~\  can  be  neglected  in  com- 
parison with  the  second,  or  that  due  to  bending  stress. 
The  latter  will  be  tension  at  the  intrados  at  B  and  D 
(fig.  3),  but  tension  at  the  extrados  at  section  A.  The 
values  of  M-b,  J/d,  Ma,  are  given  in  Equation  12,  which 
may  be  utilized  to  find  the  height  of  fill  corresponding 
to  a  given  stress,/  pounds  per  square  inch,  for  a  given 
pipe.     Thus  the  unit  stress  at  the  bottom  of  the  pipe  is, 

/■=-^''  =  r0.356-0.2422l6Zw7i— ^2 (19) 

The  bank  sand  constituting  the  fill  varied  in  its  prop- 
erties according  to  the  amount  of  moisture  and  the 
degree  of  tamping,  but  when  moderately  tamped,  the 
earth  containing  5  per  cent  moisture,  there  was  found 
^  =  45°,  c  =  10  to  20  pounds  per  square  foot.  For  the 
clay  filling  with  21  per  cent  moisture,  <;&  =  41°,  c  =  225 
pounds  per  square  foot. 

The  value  of  K  can  only  be  obtained  by  experiment 
for  a  particular  earth,  but  for  the  bank  sand  used,  a 
good  idea  of  its  variation  can  be  had  by  comparing 

values  of  -  and  K  as  given  in  Table  2. 

A  graph  showing  these  values  of  K  plotted  against 
the  corresponding  values  of  (i/r)  will  enable  a  safer 
judgment  to  be  made  in  case  K  for  a  new  earth  has  to 
be  estimated. 

As  to  the  values  of  g  to  assume,  the  only  reliable  ones, 
as  given  in  Table  1,  are  those  pertaining  to  the  steel 
tube,  2  =  0.60,  2  =  0.71.  These  happen  to  lie  near  the 
supposed  maximum,  0.67;  so  that  the  value  g  =  0.67 
will  be  used  in  the  last  formula. 

Table  2. — Comparison  of  values  of  ~  and  K  for  a  10-foot  fill 


Kind  of  pipe 

Diameter 

Thickness 
t 

r 

K 

Smooth  iron 

Inches 
30 
20 
30 
30 
30 
20 

Inch 

0.109 
.076 
.349 

1.000 

0. 0073 
.0076 
.0233 
.0667 

0.62 

Smooth  iron... 

.58 

Steel  tube 

.88 

Cast  iron 

1.29 

Solid  plug 

1.67 

Solid  plug 

1.37 

For  a  steel  pipe,  assume  a  safe  stress  of /= 20,000 
pounds  per  square  inch. 

For  the  sand  fill,  as  before,  w  =  0.0615  pounds  per 
cubic  inch. 

i?=height  of  fill  in  feet  .-.  7t  =  12  H. 

Equation  19  reduces  to, 

„_  23,300  <2 

^-'  K     ? 


Thus,  for  K=l,  <  =  0.5  inch,  r  =  15  inches,  11=25.9 
feet. 

For  the  steel  tube,  K  =  0.8S,  <  =  0.349  inch ,  r  =  1 5  inches. 

Whence  i?=14.3  feet  is  the  height  of  fill  giving  the 
stress  in  the  pipe  of  20,000  pounds  per  square  inch. 

For  the  clay  filling  used  in  some  of  the  earlier  experi- 
ments, weighing  120  pounds  per  cubic  foot  (-?/;  =  0.0694 
pounds  per  cubic  inch).  Equation  19  reduces  to. 


//= 


20,600  f 
K     r" 


(21) 


■For  the  clay  filling,  K  was  greater  than  for  sand  and, 
to  be  on  the  safe  side,  it  had  best  be  assumed  equal  to 
or  greater  than  unity. 

The  sole  experiment  on  the  30-inch  cast-iron  pipe, 
1  inch  thick,  involved  only  active  earth  thrust;  but  if 
we  assume,  as_  the  height  of  fill  (and  deflection)  in- 
creases, that  g  increases  up  to  the  limit  0.67,  as  before, 
and  likewise  assume  a  safe  tension  of  8,000  pounds  per 
square  inch,  then  the  values  of  i?  as  given  by  Equations 
20  and  21  are  reduced  in  the  ratio  8  to  20  or  4  to  10. 
Of  course  such  formulas  are  approximate,  and  it  is 
highly  desirable  to  make  a  record  of  failures  for  use  in 
amending  them. 
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THE  MECHANICS  OF  SHEAR  FAILURES  ON  CLAY 
SLOPES  AND  THE  CREEP  OF  RETAINING  WALLS 

By  CHARLES  TERZAGHI,  Research  Consultanl,  United  Slates  Bureau  of  Public  Roads 


Experience  shows  that  the  shdes  which  occur  on 
slopes  formed  of  cohesive  earth  never  take  place  along 
planes  but  along  cylindrical  surfaces  with  a  very  con- 
spicuous curvature.  The  slides  illustrated  in  Figure  1 
may  serve  as  example.  The  profiles  were  copied  from 
the  classical  report  of  the  Swedish  Geotechnical  Com- 
mission on  slides  which  occurred  at  various  places  along 
Swedish  railroads  (16)}  Figure  2  shows  the  cross 
section  through  a  slide  which  in  February,  1918,  de- 
stroyed 600  feet  of  a  retaining  wall  at  Wembly,  along 
the  4-track  main  line  of  the  Great  Central  Railway 
in  England.  The  maximum  depth  of  the  cut  was  80 
feet  and  the  maximum  height  of  the  retaining  wall  was 
30.5  feet  with  a  maximum  thickness  at  the  base  of  14.5 
feet.  The  underground  consisted  of  "soft  clay." 
From  the  cross  section  (fig.  2)  it  seems  probable  that 
the  sliding  surface  passed  beneath  the  base  of  the  wall 
and  intersected  the  surface  at  a  point  beyond  the  foot 
of  the  wall.  The  clay  slides  along  the  slopes  of  the 
Hudson  River  between  Albany  and  Kingston  are  also 
distinguished  by  the  strong  curvature  of  the  sliding 
surfaces. 

This  curvature  distinguishes  the  "shearing  slides" 
from  the  detritus  slides  which  commonly  occur  in  West 
Virginia,  Ohio,  and  m  southern  Pennsylvania  (11) 
and  which  can  be  described  as  simple  flow  phenomena, 
caused  by  a  temporary  decrease  of  internal  friction. 
Wherever  these  detritus  slides  occur  in  a  typical  form, 
they  remind  one  of  a  skin  which  starts  to  peel  oft"  the 
surface  of  the  more  stable  underground,  the  thickness 
of  the  skin  being  very  small  as  compared  with  the 
length  and  width.  Thus,  at  the  detritus  slide  of  Waeg- 
gis  in  Switzerland,  a  slide  very  closely  related  to  those 
of  West  Virginia,  the  width  of  the  moving  section  of  the 
skin  was  about  3,000  feet,  its  length  was  several  hun- 
dred feet,  and  its  thickness  was  not  more  than  about 
20  feet.  No  such  proportions  are  conceivable  in  con- 
nection with  a  shearing  slide,  which  represents  plain 
rupture  rather  than  a  phenomenon  of  flow. 

Hence,  whenever  investigating  the  possibility  of  the 
occurrence  of  shearing  sliclcs  (in  contrast  to  detritus 
slides  or  skin  movements)  along  clay  slopes,  or  the 
stability  of  retaining  walls  back  filled  with  clay  earth, 
we  are  obliged  to  take  the  curvature  of  the  sliding  sur- 
faces into  account;  that  is,  to  replace  the  traditional 
procedure  based  on  Coulomb's  principle  (prism  of 
maximum  thrust,  limited  by  a  plane  sliding  surface) 
by  other  methods. 

THEORIES   OF   CURVED   SLIDING   SURFACES   CAN   BE   APPLIED   FOR 
SEVERAL  PURPOSES 

The  theories  can  either  be  applied  to  the  study  of 
the  conditions  of  ecjuilibrium  of  sections  where  slides 
have  already  occurred  or  to  the  design  of  the  cross 
section  of  fills  or  cuts  which  have  not  yet  been  con- 
structed. In  the  first  case,  the  coefficients  required  to 
make  the  analysis  can  be  computed  from  the  dimen- 
sions of  the  mass  of  earth  which  has  moved  out,  and 
from  the  shape  of  the  sliding  surface.  The  procedure 
in  obtaining  these  data  will  be  described  in  the  following 

'  Italic  numbers  in  parentheses  refer  to  bibliography  at  end  of  article. 
82460—29 


parts  of  the  pajior.  In  the  second  case,  we  are  obliged  to 
estimate  the  values  of  these  coefficients  either  from 
previous  experience  with  similar  materials  or  from  the 
results  of  tests  perfonued  with  the  materials  in  the 
laboratory. 

Sometimes  an  enghiecr  or  a  foreman  with  local  expe- 
rience can  tell,  with  a  fair  degree  of  accuracy,  the  height 
at  which  a  certain  material  exposed  in  a  test  pit  wUl 
stand  vertically  without  any  support.  But  their  judg- 
ment is  apt  to  be  unreliable  when  it  comes  to  estimating 
the  critical  height  for  a  slope  of  1 : 1  or  1 :  2,  as  shown 
by  a  great  number  of  slides  which  actually  have  oc- 
curred along  such  slopes.  In  a  case  of  that  kind  we 
can  derive  the  coefficients  requu'ed  for  computing  the 
critical  height  of  inclined  slopes  from  the  critical  height 
of  a  vertical  slope.  A  third  application  is  in  comput- 
ing the  factor  of  safety  of  slopes  in  places  where  a  slide 
would  be  apt  to  cause  severe  damages  to  adjoining 
properties. 

The  coefficients  recjuired  in  computing  the  degree  of 
stability  or  the  factor  of  safety  of  slopes  are  the  coeffi- 
cient of  internal  friction,  tan  (/>  (tangent  of  the  angle  </> 
of  internal  friction),  and  the  coefficient  of  cohesion,  c 
(shearing  strength  per  unit  of  area,  at  a  surface  pressure 
equal  to  zero). 

FRICTION  AND  COHESION  DISCUSSION 

Before  engaging  in  a  discussion  of  friction  and  cohe- 
sion it  seems  essential  to  agree  on  the  exact  meaning 
of  these  terms.  Assume  that  it  is  desired  to  determine 
the  resistance  to  movement  of  a  prism  (fig.  3)  of  earth, 
JKLM,  along  some  plane,  CD,  within  an  embankment. 
The  resistance  to  movement  is  a  combination  of  forces 
due  to  cohesion  and  internal  friction.  The  cohesion  is 
due  to  the  attraction  existing  between  the  individual 
soil  grains  and  is  independent  of  the  pressure  acting 
upon  the  surface  under  consideration.  It  is  a  constant 
value  for  any  unit  area  within  the  embankment  if  the 
material  is  unifonn. 

The  internal  friction  is  caused  l)y  the  resistance  to 
soil  grains  sliding  over  each  other  and  varies  with  the 
pressure  upon  the  sliding  plane.  As  a  result  of  labo- 
ratory experiments  the  frictional  resistance  to  sliding 
of  an  earth  prism  has  Ix'cn  plotted  against  the  load  on 
the  sliding  plane  and  found  to  result  in  a  straight-line 
relation.  Ihe  slope  of  this  line  (coefficient  of  internal 
friction)  is  the  ratio  of  sliding  resistance  to  pressure 
upon  sliding  surface.  The  angle  of  which  this  slope  is 
the  tangent  is  called  (/>,  the  angle  of  internal  friction. 

Let  c  =  cohesion  per  unit  of  area  of  a  sliding  s\u'face 
or  the  coefficient  of  cohesion, 

n  =  normal  unit  ])ressure  on  sliding  surface, 

i  =  shearing  resistance  (cohesion  and  friction  com- 
bined) per  unit  of  area  corresponding  to  a 
given  value  of  n. 

In  Figure  3  let  n  represent  the  unit  pressure  normal 
to  the  plane  CD  due  to  the  weight  of  JKLM. 


Then  t-=c  +  n  tan  4>. 
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Figure   1. — Shape  of  .Slides    in    Cohesive    Materials   Showing    Conspicuous   Curvature.     The    Arc   of   a   Circle 

Shown   is  the  One  Which  Best  Fits  the  Sliding  Curve 


The  term  "critical  height"  indicates  tlie  maximum 
height  of  a  slope  (vertical  distance  between  foot  and 
crest)  at  which  the  slope  is  still  stable.  Increasing  the 
height  beyond  this  maximum  value  will  cause  a  slide 
to  occur. 

For  perfectly  cohesionless  material  (clean  dry  sand 
or  the  like)  the  angle  of  internal  friction  depends  to  a 
large  extent  on  the  density  of  the  structure.  For  high 
densities  its  value  appreciably  decreases  with  the  pres- 
sure while  for  low  densities  the  effect  of  the  pressure 
on  the  value  of  the  coefficient  of  internal  friction  is 
very  small.     The  tangent  of  the  so-called  "angle  of 


repose"  is  slightly  greater  than  the  angle  of  internal 
friction  for  very  loose  material  and  slightly  smaller  than 
the  smallest  value  of  the  angle  of  internal  friction  of 
the  dense  material.^  Hence  the  critical  height  of  any 
slope  is  equal  to  infinity,  provided  the  structure  of  the 
material  is  fairly  dense  and  the  inclination  of  the  slope 
is  equal  to  or  smaller  than  the  angle  of  repose. 

For  practical  purposes,  one  usually  assumes  the  angle 
of  internal  friction,  4>,  to  be  independent  of  the  pressure 

-  These  results  we.e  obtained  f.om  tests  recently  made  at  the  Massachusetts  In- 
stitute of  Technology  unde.'  the  supe.vision  ol  the  w.iier  and  they  wid  be  published 
elsewhere. 
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Figure  3. — Diagram  for  Use  in  Explaining  Terms  Used 

and  equal  to  the  angle  of  repose.  On  this  assumption, 
on  any  plane  through  a  cohesionless  material  the  re- 
sistance against  lateral  displacement  is  equal  to 

t  =  n  tan  0  per  unit  of  area, 

where  n  is  the  normal  pressure  perpendicular  to  the 
surface.  This  relation  represents  the  basis  of  all  the 
earth  pressure  theories  dealing  with  cohesionless  mate- 
rials. Since  the  angle  of  repose  can  easily  be  deter- 
mined, the  study  of  the  equilibrium  of  cohesionless 
materials  does  not  involve  any  principal  difficulties. 

For  cohesive  materials  the  resistance,  t,  against  lateral 
displacement  along  an  interface  can  be  expressed  ap- 
proximately by  Coulomb's  term 


i  =  c  +  «,  tan  (^  _ . 


(1) 


where  c  is  the  cohesion  per  unit  of  area.  IIowev(>r,  in 
this  case  the  value,  </>,  is  very  much  more  difficult  (o 
determine  than  for  cohesionless  materials,  because  for 
materials  with  even  a  trace  of  cohesion,  the  "angl(>  of 
repose"  has  no  relation  to  the  angle,  </>,  and  may,  for  tlie 
same  material,  })e  very  different,  de])ending  on  tlie 
height  of  lill.  l^'or  a  cohesionless  material,  a  giv(>n 
slope  is  either  stable  oi'  unstable,  regardless  of  its 
height. 

In  contrast  to  this,  foi-  materials  with  cohesion  the 
maximum  angle  at-  which  a  slope  can  stand  without 
any  support  rapidly  decreases  with  increasing  height. 
The  value  (^  can  l)e  determined  only  imlirectly  as  from 
the  results  of  friction  tests  or  by  computation  from  the 
cross  section  of  slides  and  from  the  ])osition  of  tiie 
sliding  plane.  Many  accidents  have  been  caused  by 
assuming  tlie  inclination  of  slopes  of  cohesive  materials 
as  the  angle  of  internal  friction. 

The  difficulties  are  still  greater  in  defining  and  de- 
termining the  value  c,  because  this  value  depends  to  a 
marked  degree  on  the  water  content  of  the  material. 
For  the  same  earth,  the  cohesion  increases  with  de- 
creasing water  content.  A  third  complication  is  caused 
by  the  fact  that  the  coedicient  of  internal  friction, 
tan  0,  of  a  cohesive  material  is  very  different  depending 
on  whether  the  water  content  of  the  earth  has  or  has 
not  an  opportunity  to  adapt  itself  to  changes  in  pressure. 
This  can  easily  be  demonstrated  by  the  foUowing  tests: 
Suppose  we  fill  two  identical  containers  with  identical 
clay  samples  and  subject  the  samples  to  a  shearing  test 
under  identical  pressure.  If  one  of  the  two  samples  is 
placed  between  sand  filters  so  as  to  furnish  free  escape 
of  the  excess  water  while  the  other  sample  is  sealed  oft" 
water-tight,  the  test  on  the  first  sample  leads  to  a  much 
higher  shearing  value  than  the  test  on  the  second  one, 
provided  the  first  sample  was  tested  after  the  water 
content  had  been  allowed  to  adapt  itself  to  the  change 
in  pressure. 

Many  of  the  leading  investigators,  among  them  W. 
Fellenius  (4)  simply  disregard  all  these  existing  com- 
plications. Such  procedure  may  seem  convenient  for 
practical  purposes,  yet  it  eliminates  the  incentive  for 
more  profound  research  and  it  leaves  us  in  doubt  as 
to  the  degree  of  accuracy  of  our  computations.  Hence 
it  seems  preferable  to  get,  first  of  all,  a  conception  of 
the  true  conditions,  and  to  make  the  simplifications 
afterwards  with  the  I'cservation  to  modify  the  proce- 
dure as  our  knowledge  increases. 

RELATION  BETWEEN  PRESSURE  AND  RESISTANCE  INVESTIGATED 

According  to  the  results  of  compression  tests  per- 
formed at  Massachusetts  Institute  of  Technology  on 
clay  specimens  subjected  to  various  conditions  of  in- 
ternal and  external  stress,  the  relation  between  the 
pressure,  ii  ]ier  unit  of  area,  and  the  resistance,  t  ])er 
unit  of  area,  against  lateral  displacement  along  this 
area  should,  for  a  fat  clay,  be  approximately  as  shown 
in  Figure  4.  When  ])l()lting  this  diagram  it  was  as- 
sumed that  at  the  outs(>t  the  water  content  of  the  clay 
was  equal  to  the  litpiid  limit  and,  as  a  consequence,  its 
cohesion  practically  iMjual  to  zero.  It  was  also  assumed 
that  the  water  content  could  adapt  itself  to  the  changes 
in  pressure;  that  is,  with  increasing  pressure  the  water 
content  could  decrease,  aiul  with  d(>creasing  pressure 
the  water  content  could  increase. 

On  gradually  raising  the  pressure  from  0  to  «,,  the 
resistance    against    lateral    displacement    inci'eases    in 
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direct  proportion  with  the  pressure,  as  it  does  for  a 
cohesionless  material  (straight  hne  OPj);  subsequent 
reduction  of  the  pressure  from  Ui  to  0  causes  the  vakie 
of  t  to  decrease  according  to  the  curve  PiPci,  and  the 
efi'ect  on  t  oi  &  following  increase  of  the  pressure  from 
0  to  71-2  will  be  represented  by  a  curve  C1P2.  The  two 
curves  PiPcj  and  C1P2  are  far  from  being  identical. 
They  form  a  hysteresis  loop  and  for  the  same  pressure, 


UNIT  PRESSURE  n 

Figure  4. — Relation  Between  Pressure  Per  Unit  of 
Area,  n,  and  Resistance  Per  Unit  of  Area  Against 
Displacement,  t 


UNIT   PRESSURE  n 

Figure  5. — Relation    Between  n  and  t  According  to 
Dr.  H.  Krey 

n,  two  different  values,  t,  are  obtained  depending  on 
whether  the  pressure,  n,  was  approached  from  the  right 
or  from  the  left.  The  value  of  Ci  represents  the  cohe- 
sion produced  by  the  temporary  application  of  the 
pressure  «i.  The  greater  the  pressure,  Ui,  the  greater 
the  value  Ci.  Yet,  even  for  very  high  pressures,  a  cer- 
tain value  of  c  can  not  be  exceeded  (Cmax.)  because  the 
value,  c,  approximately  increases  with  the  density  of 
the  material,  and  for  very  high  pressures  the  increase 
of  density  produced  by  an  increase  in  pressure  is  very 
small.  If,  at  the  state  represented  by  point  c,  in 
Figure  4,  we  prevent  the  material  from  giving  off  any 
water  under  the  influence  of  a  subsequent  increase  of 
the  pressure  we  seem  to  obtain  a  straight  line  CiW, 
forming  with  the  horizontal  axis  an  angle  </>"•  The 
maximum  value  of  c  is,  for  ordinary  clays,  about  2 
kilograms  per  square  centimeter. 

Figure   5   represents   the   relation    between  71   and  t 
according  to  Dr.  H.  Krey,  of  Berhn  (10).     The  straight 


lines  Wi  to  W5  determine  the  resistance  against  lateral 
displacement  for  the  water  contents  Wi,  tvo  .  .  .  tOs,  pro- 
vided the  water  content  remains  unchanged  during  the 
test.  On  the  other  hand,  if  starting  with  a  very  soft 
state  and  allowing  the  water  content  to  decrease  with 
increasing  pressure,  the  resistance  is  said  to  increase 
according  to  the  line  AB.  Although  there  is  some 
difference  between  the  curves  of  Figure  4  and  Figure  5, 
which  were  derived  independently  by  different  methods, 
yet  as  far  as  some  of  the  essentials  are  concerned  both 
conceptions  agree  and  both  of  them  show  that  formula 
(1)  can  be  considered  only  as  a  radically  simplified 
expression  of  rather  complicated  facts. 

A  considerable  part  of  the  uncertainty  which  still 
prevails  in  this  field  is  due  to  confounding  the  angles 
4>'  and  cf)"  of  Figures  4  and  5.  As  a  matter  of  fact,  in 
most  of  the  papers  pubhshed  on  this  subject  no  allu- 
sion is  made  to  the  wide  range  through  which  the  angle 
of  internal  friction  may  vary  for  exactly  the  same 
material.  To  prevent  any  misunderstanding  in  this 
respect,  we  will  define  the  limiting  values  </>'  and  (p"  as 
follows : 

4>'  is  the  angle  of  internal  friction  which  would  be 
obtained  by  making  a  friction  test  on  a  very  soft 
sample  with  insignificant  cohesion  and  proceeding  from 
low  toward  higher  surface  pressures,  allowing  the 
excess  water  to  drain  away  before  the  friction  value 
is  measured. 

</)"  is  the  angle  of  internal  friction  which  is  obtained 
by  making  a  friction  test  on  a  sample  of  stiffer  con- 
sistency and  without  making  pro\asion  for  the  free 
escape  of  the  excess  water. 

EXPERIMENTS   HAVE    RESULTED  IN  A   GENERAL  CONCEPTION  OF 
VALUES  FOR  COHESION  AND  FRICTION 

In  practice  we  usually  have  to  deal  with  clay  deposits 
which  have  appreciable  cohesion  and  which,  in  ad- 
dition, do  not  contain  any  excess  water.  In  order  to 
obtain  information  on  the  values  4)  and  c  for  such  a 
material,  the  friction  test  should  be  performed  on  per- 
fectly undisturbed  samples,  and  provision  should  be 
made  for  the  excess  water  to  drain  away.  The  result 
of  such  a  test  would  correspond  to  the  curve  CiPo  or 
C2P3  of  Figure  3,  and  according  to  the  same  figure  the 
value  of  </)  derived  from  the  test  results  would  not  be 
identical  with  either  </>'  nor  with  (/>".  Because  of  ex- 
perimental difficulties  no  tests  have  been  made  up  to 
the  present  time  which  have  strictly  conformed  with 
the  requirements  indicated  here.  On  the  other  hand, 
the  considerable  number  of  experiments  performed  in 
this  field,  using  widely  different  methods,  result  in  a 
general  conception  of  the  values  for  cohesion  and 
friction  for  the  principal  types  of  cohesive  earth. 

The  existing  methods  for  determining  these  values  can 
be  divided  into  three  groups:  Measuring  the  resistance 
against  shear  by  simple  pull  (Jacquinot  and  Frontard, 
W.  Fellenius,  A^  L.  Bell,  H.  Krey,  H.  Cliatley,  Charles 
Terzaghi,  and  otliers);  measuring  the  resistance  against 
shear  by  rotation  (Foundation  Committee  of  the  Amer- 
ican vSociety  of  Civil  Engineers,  G.  G3'ldenstein,  and 
others)^;  and  computing  the  values  of  the  coefficients 
from  the  original  cross  section  and  from  the  shape  of 
the  sliding  surface  of  earth  slides  (W.  Fellenius,  H- 
Knoke). 


'  Progress  report  of  the  special  committee  to  codify  present  practice  on  the  hear 
ing  value  of  soils  for  foundations,  Proceedings  of  the  American  Society  of  Civil 
Engineers,  vol.  46,  No.  6,  August,  1920,  and  vol.  48,  No.  3,  March,  1922. 


December,  1929 


PUBLIC    ROADS 


181 


In  most  of  the  tests  included  in  the  first  two  groups 
the  coefficients  were  determined  while  the  water  content 
of  the  material  remained  practically  unchanged,  the 
values  of  <t>  thus  obtained  corresponding  to  the  angles 
<p"  of  Figures  4  and  5.  On  tlie  other  hand,  the  tests 
by  the  writer  were  made  in  such  a  manner  as  to  give 
values  of  4>' .  Comparing  friction  values  resulting 
from  laboratory  tests  with  values  indirectly  com- 
puted from  the  shape  of  sliding  curves,  it  seems  that 
the  difference  between  the  values  4>"  and  the  values  <t>, 
on  which  the  stability  of  clay  slopes  actually  depend, 
is  not  very  important  for  fairly  stiff  clays.  Hence  in 
the  following  sections  of  this  paper  the  two  values  0 
and  0"  are  considered  identical,  although  it  is  empha- 
sized that  this  procedure  represents  a  crude  approxi- 
mation merely  warranted  by  the  present  lack  of  a 
more  profound  knowledge  of  the  subject.  The  investi- 
gations conducted  for  the  purpose  of  diminishing  the 
uncertainty  concerning  the  values  ^  and  c  are  still  under 
way,  and  the  results  will  be  published  as  soon  as  the 
tests  are  terminated. 

Table  1  gives  a  summary  of  the  coefficients  c  and  4> 
determined  by  various  experimenters  for  different  kinds 
of  soils.  These  data  have  been  used  as  the  basis  of  an 
attempt  to  condense  our  present  knowledge  of  the  values 
of  c  and  <t>  for  the  principal  types  of  soils,  the  result  of 
which  is  presented  in  Table  2.  More  accurate  data  can 
not  be  presented  as  yet. 

THEORIES    OF    THE    EQUILIBRIUM    ALONG    CYLINDRICAL    SLIDING 
SURFACES  PRESENTED 

Figure  6  represents  a  cross  section  of  a  slope  of  a  mass 
of  cohesive  earth  with  an  angle  of  inclination,  i.  If  the 
height  of  slope,  h,  exceeds  a  certain  critical  value,  Ih,  a 
slide  occurs  as  shown  in  the  figure.  One  of  the  princi- 
pal objects  of  stability  computations  is  the  determina- 
tion of  the  critical  height,  hi,  when  the  values  i,  c,  and 
(f)  are  known.  If  a  theory  successfully  serves  this  pur- 
pose, it  may  also  be  used  in  connection  with  any  other 
stability  problem  concerning  cohesive  soils.  The  prob- 
lem is  too  complex  for  accurate  solution  and  the  com- 
putations must  be  based  on  certain  simplifying  assump- 
tions. One  of  these  assumptions,  in  common  with  all 
the  dift'erent  theories,  concerns  the  validity  of  equation 
(1).  According  to  the  nature  of  the  other  assumptions, 
we  may  distinguish  between  the  French  method  of 
attack  (Resal,  Frontard),  Becker's  attempt,  and  the 
Swedish  method  (Petterson,  Sven  Hultin,  Fellenius, 
etc.). 


Table   1. —  Values  of  c  and  4>  for  cohesive  materials 

CLAYS 


Experimenter  and  metliod 

Description  of  the  soil 

c  in  metric 
tons  per 

* 

sq.  in. 

1.  Jacquinot   and    Front- 

IvOam, very  humid 

1.  93-  2. 19 

2.  61-  3.  90 
1. 80-  2.  68 

1.12 

24.  5  -28. 0 

35. 1  -37. 8 

1.4  -  1.54 

2.14 
3.20 
5.33 
7.  ,50 
17.20 
2. 14-  3.  38 

1.  79-  2.  53 

8° 

ard,  sliding  test,  (14). 

Loam,  fairly  dry 

H°  40' 

2.  Whangpoo       Conserv- 

From collapsed  earth  dam.  - 
Ulue,  greasy  mud 

10°  20' 
9°  20' 

ancy  District,  sliding 
test  (15). 
■i.  Foundation  Com.  Am. 
Soc.  of  Civ.  Eng.,  ro- 
rating  device. 

i.  A.  L.  Bell,  sliding  test 

Kentucky  ball  clay,  water 

content  10  per  cent. 
Kentucky  ball  clay,  water 

content  25  per  cent. 
Kentucky  ball  clay,  water 

content  .39.54  per  cent. 

Very  soft  iniddle  clay 

.S<ift  pud. lie  clay 

Moderately  lirm  puddle  clay. 
Stiff  clav 

50  ^0'-  7°  30 

4°  30'-  5"  40' 

0°  16'-  0"  20' 

0° 
3° 

5° 
7° 

5.  J.  H.  Griffith,  sliearing 
test. 

fi.  Chas.  Terzaghi,  sliding 

Very  stiff  bowlder  clay 

Fairly    stiff    yellow    clay, 

natural  state. 
Fairly  stiff  plastic  blue  clay, 

natural  state. 
Pure  miid               

16° 

(') 

(') 
13°-16° 

test,  provision  made 

Fat  blue  clay 

14°-22° 

for  the  escape  of  e.xcess 

Sandy  clav           _     

22''-27° 

water  (17). 
7.  W.  Fellenius,  computed 

Soft  clay 

1.25 
.31 
.19 

1.7 
3.6 
3.6-6 

4° 

from  landslide  U). 
8.  W.    Fellenius,    sliding 

Clav,  Jarna. 

4°  30' 

test, 
y.  Gyldenstein,     rotating 
device. 

10.  J.  Resal,  from  general 
experience  with  fills 

Clay,  harbor  of  Gotenburg, 
depth  of  9  meters,  water 
content  43  to  45  per  cent. 

Wet  soil  or  hand  compacted. 

Almost  di'y.        . 

9°  30' 
I              8» 

(U). 

Very  thoroughly  compacted. 

1 

SAND   AND   GRAVEL 


11.  Whangpoo     Conserv- 

Blue mud  from  Lunghua 

2.7 

30°  10' 

ancy  Board,  China, 

Sandy  mud,   Yangtze  fore- 

2.0 

30°  10' 

sliding  test  (16). 

shore. 

Mud,  Pootung  point-.- 

1.5 

28°  00' 

12.  H.  Knoke,  computed 

Cemented  gravel 

4.7 

35° 

from  existing  slopes 

Dense  sand  and  gravel  mix- 

2.1 

35° 

(S). 

ture. 

Very  dense  mixture  of  sand 

5.2 

40° 

and  gi-avel. 

'  Not  determined. 

Table  2. — Average  values  of  c  and  4> 


Type  of  soil 


.\lmost  liquid  clay 

Very  soft  clay 

Soft  clay-- --- 

Medium  clay 

Stiff  clay.--- -.. 

Muddy  sand 

Very  dense  sand  and  gravel 


c  iu  metric 
tons  per 
sq.  m. 


0.5 
LO 
2.0 
5.0 
7.5 
2.0 
5.0 


c  in  pounds 
per  sq.  ft. 


100 

200 

400 

1,000 

1.  .500 

400 

1,000 


<^in 
degi'ees 


0 
2 
4 
0 
8 
30 
34 


The  French  investigators  based  their  theory  on  the 
equations  which  express  the  conditions  for  the  equilib- 
rium for  a  very  small  prismatic  element  ABC  of  Figure 
6,  whose  base  forms  part  of  the  sliding  surface  OE  {14)- 
The  fundamental  assumption  was  that  the  stresses,  q 
(produced  by  the  weight  of  the  earth  located  above 
AC),  and  r  (lateral  pressure)  are  conjugate  stresses. 
This  assumption  is  also  found  in  Rankine  's  earth  pres- 
sure theory,  and  the  results  furnished  by  the  theory 
are  as  correct  or  erroneous  as  this  assumption.  The 
stress  per  unit  of  area  acting  on  the  side  AB  of  the 
element  can  be  resolved  into  a  tangential  stress,  t, 
acting  along  the  surface  AB,  and  a  normal  stress,  n, 
acting  perpendicularly  to  it.  The  forces  which  resist 
a  lateral  displacement  along  AB  are. 


AB(c-|-n  tan  0). 


(2) 


Figure  6. — Diagram  Showing  Coordinate  System  Used  by 
Frontard  and  Sliding  Curve  Derived 


The  French  investigators  determined  the  position  of 
the  element  AB  by  introducing  the  condition, 


t  —  n  tan  4>  =  maximum . 


.(3) 
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regardless  of  the  absolute  value  of  this  maximum. 
Later  in  the  paper  it  will  be  shown  that  this  procedure 
leads  to  certain  inner  contradictions  concerning  the 
conditions  of  equilibrium  along  the  sliding  curve.  The 
general  equations  for  the  equilibrium  of  ABC  combined 
with  ecpiation  (3)  lead  to 


and, 


12  cos  (a  — i)  sin  (a  — i  +</>) 

-|-r  sin  a  cos  {a  +0)  =c  cos  i  cos  ^ (4) 

—  (2  cos  (2a  — 2 ('+</)) +r  cos  (2a+0)  =  O (5) 

These  tw^o  equations  determine  for  any  point,  A,  of 
a  mass  of  cohesive  earth  the  angle,  0,  formed  between 
the  slope  and  the  tangent  AB  to  the  sliding  surface  at 
the  point  A.  Since  for  every  other  point  of  the  curved 
sliding  surface,  the  angle  formed  between  the  slope 
and  the  tangent  to  OE  should  also  be  equal  to  a,  the 
dift'erential  equation  of  the  curve  OE  is 


dy 
dx 


=  tan  {i  —  a). 


(6) 


Resal  did  not  succeed  in  solving  this  equation,  and 
derived  an  approximate  formula  for  the  critical  height, 
wherein  he  assumed  the  critical  height  to  be  equal  to 
one-half  of  the  critical  height  one  would  obtain  if  he 
assumed  a  plane  sliding  surface  instead  of  a  curved  one. 
His  formula  is 


Ih 


c  sm  I  cos  <j) 


A  sin^ 


■<t> 


.(7) 


wheiein  A  is  the  weight  of  the  earth  per  unit  of  volume- 
Several  years  after  this  formula  was  published' 
Frontard  (5,  6,  7)  succeeded  in  solving  the  differentia 
equation  (2-).  He  selected  an  oblique  coordinate  sys- 
tem as  shown  in  Figure  6,  the  two  axes  forming  with 
each  other  an  angle,  90°  —  ?',  and  obtained  the  following 
eciuation  for  the  sliding  curve  by  integration. 

_  ccostj^tani  (Xocosi  +  cost^sinXo  —  X cos i  — cose/) sin X)        ,„. 


and 


A  sin  (i  —  <^)  -y/sin  {i  —  4>)  sin  (•/  +  4>) 

_  c  cos  </)  tan  i         Fsin  4> 

^     A  sin  ii~4>)  sin  {i+4>)Y_tsa\  i 

Vsin  {i—(t>)  sin  {i+4>)  sin  X+cos  i  cos  X    ---('^) 


tan 


wherein  X  and  Xq  are  auxiliary  angles  with  the  values, 

^_     /sin  i +sin  <^  ,      /       i^<t>\ 
•^      V  sm  I  —  sm  0         \  2    / 

V)_     /sini+sinj0         f^- 
2       V  sin  i  —  sind)         \  4 


tan 


Frontard  demonstrated  in  addition  that  the  sliding 
curve  OE  of  Figure  6  consists  of  two  branches  with 
different  properties.  From  O  to  D'  the  sliding  surface 
represented  by  the  curve  OD'  is  under  pressure,  while 
from  D'  to  E  the  normal  stress  consists  of  tension  (value 
of  n  negative).  Every  cohesive  soil  will  crack  sooner  or 
later  if  there  is  tension,  and  Frontard  concluded  the 
critical  height  A,  of  the  slope  is  equal  to  the  difference  in 
elevation  between  O  and  D.  Equations  (8)  and  (9) 
together  with  the  condition  that  the  normal  stress  acting 
on  the  sliding  surface  changes  at  the  point  D'  from 
pressure  to  tension  results  in  the  equation: 


Ai  = 


2c  sin^  i  cos  4> 


A  sin  (■?'  —  0) 


cos  (j> 


sin  i  (1-sin  4>) 


arc  cos 


+ 


sin-  i  —  sin  0 
sini  (1  —sin  0) 


(10) 


(11) 


Vsin  {i  —  4>)  sin  {i  +0). 

The  distance  DD'  is  equal  to 

2c  ,       TT     6 
-^tan^  +  - 

From  a  mathematical  point  of  view  Frontard's  solu- 
tion is  excellent.  However,  by  introducing  the  funda- 
mental assumption  that  the  stresses,  q  and  r  (fig.  6), 
are  conjugate  stresses,  the  problem  became  overde- 
termined  and  there  was  no  possibility  of  introducing 
the  very  essential  condition  that  the  forces  acting  on 
the  wedge  ODE  are  sufficient  to  overcome  the  resistance 
acting  along  the  plane  OD'.  Without  noticing  or  men- 
tioning this  fact  Frontard  arrived  at  a  curve  which 
fulfills  all  the  essential  conditions  required  for  a  sliding 
surface  except  the  one  that  the  forces  acting  on  the 
earth  above  the  surface  are  sufficient  to  produce  the 
movement.  The  importance  of  the  discrepancy  be- 
tween the  acting  and  the  resisting  forces  is  illustrated 
by  a  numerical  example.  Assume  a  material  with  the 
coefficients  c  =  1 ,950  kilograms  per  square  meter, 
A  =  1,720  kilograms  per  cubic  meter  and  0  =  8°,  cor- 
responding to  a  fairly  soft  sandy  clay.  We  wish  to 
determine  the  critical  height  for  a  slope  of  2 :1  (tan  i  =  0.5, 
?'  =  26°  34'). 

Resal's  formula  (7)  furnishes  the  value: 


Jh 


1,950  sin  26°  34'  cos  8° 


1,720 


sin^  9°  7' 


=  19.29  meters 


From  Frontard's  equation  (10)  we  obtain  7ii  =  8.3 
meters,  which  is  less  than  half  of  the  value  furnished  by 
formula  (7).  In  order  to  investigate  whether  the  forces 
acting  on  Frontard's  sliding  surface  are  sufficient  to 
produce  a  slide,  we  first  used  the  formulas  (8)  and  (9) 
for  plotting  the  sliding  surface  (fig.  7) .  At  0  the  tangent 
to  the  sliding  curve  forms  an  angle  with  the  slope  of 

— ^ —  =  41°  and  for  the  point  D'  the  ordinate  computed 

from  equation  (11)  should  be  identical  with  the  one 
computed  from  equation  (9).  The  sliding  curve  is  a 
deformed  cycloid  not  very  different  from  a  circle. 
Above  the  point  D'  the  soil  will  crack,  and,  according 
to  Frontard,  the  maximum  height  the  slope  can  have 
without  sloughing  is  equal  to  the  elevation  of  D 
above  O. 

In  order  to  determine  if  the  weight  of  the  body  ODE' 
is   sufficient   to   overcome   both   the   friction   and   the 


Figure  7. — Sliding  Curve  Derived  by  Frontard's  Method 
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cohesion  along  OE',  the  wedge  was  divided  into  shoes 
one  of  which  is  shown  in  the  figure.  The  weight  of 
each  shce  was  assumed  to  be  Q.  These  weights  were 
resolved  into  tangential  coinponents,  T,  and  normal 
components,  A^.  The  force  wliich  tends  to  produce  a 
movement  parallel  to  the  slope  is  equal  to  2^7'  cos  a. 
The  force  which  resists  the  movement  is  composed  of 
two  parts.  One  of  these  parts  is  equal  to  the  sum  of  all 
the  components  of  the  frictional  forces,  N  tan  4),  or 
equal  to  "LN  tan  0  cos  a  =  tan  (i>ZN  cos  a.  To  compute 
the  second  part  (resistance  due  to  cohesion)  we  divide 
the  arc  OD'  into  short  sections  with  a  length  A.<.'. 
Along  each  one  of  the  sections,  A.s,  there  is  a  resistance 
due  to  cohesion,  equal  to  cA.s.  The  component  in  the 
direction  OD  is  equal  to  cAs  cos  a,  and  the  sum  of  all 
these  components  is  ScA.s  cos  q;  =  c2As  cos  a.  From 
Figure  7,  it  is  obvious  that  ZAs  cos  a  =  OD".  Hence 
the  total  resisting  force  is  equal  to 

OD"c  +tan  4>:i:N  cos  a. 

The  numerical  computation  disclosed  the  fact  that 
the  driving  forces  amount  to  34.3  tons  per  meter  of 
width,  while  the  resisting  forces  are  equal  to  46.8  tons. 
Hence,  the  resisting  forces  exceed  the  driving  forces  by 
36  per  cent.  Due  to  this  inner  contradiction  caused 
by  the  fundamental  assumptions,  Frontard's  solution 
can  be  appreciated  only  as  a  mathematical  achieve- 
ment. On  the  other  hand,  Resal's  equation  is  not 
backed  by  sufliciently  convincing  arguments  to  make 
it  acceptable  for  practical  purposes. 

Another  attempt  to  derive  the  equation  of  the  sliding 
curve  was  made  by  G.  F.  Becker  in  the  Report  of  the 
Committee  of  the  National  Academy  of  Sciences  on  the 
Panama  Canal  Slides  {1).  However,  Becker's  theory 
includes  several  misintei'i)retations  of  the  laws  of 
applied  mechanics,  one  of  which  upsets  the  validity  of 
the  first  and  fundamental  equation  of  the  theory. 

Since  none  of  these  theories  are  practical,  let  us  con- 
sider the  Swedish  method,  the  fundamental  principles 
of  which  were  conceived  by  K.  E.  Petterson.  This  in- 
vestigator did  not  attempt  to  derive  the  equation  of 
the  sliding  curve.  He  assumed  that  the  sliding  curve 
is  an  arc  of  a  circle,  which  is  in  sufliciently  satisfactory 
agreement  with  what  we  know  from  experience,  and 
confined  himself  to  a  computation  of  the  resistances  (co- 
hesion and  friction)  required  to  prevent  a  movement 
due  to  gravity  along  the  cylindrical  sliding  surface. 
The  method  has  the  obvious  disadvantage — that 
neither  the  center  nor  the  radius  of  the  arc  along  which 
the  danger  of  movement  is  a  maximum  can  be  deter- 
mined by  a  direct  method  of  computation  unless  the 
conditions  of  the  problem  are  very  simple  (uniform 
slope,  homogeneous  material).  Yet,  at  present,  the 
method  seems  to  be  the  only  one  which  gives  satisfac- 
tory results.  Contributions  by  Sven  Hultin,  W.  Felle- 
nius,  and  H.  Krey,  have  eliminated  the  shortcomings 
of  the  method  to  a  point  where  there  are  no  serious 
obstacles  to  its  jjractical  application. 

EFFECT  OFINTERNAL  FRICTION  ON  THE  POSITION  AND  THE  CURVA- 
TURE OF  THE  MOST  DANGEROUS  SLIDING  SURFACE 

The  relation  which  exists  between  the  radius  of  cur- 
vature, the  position  of  the  center  of  the  sliding  circle, 
the  inclination  of  the  slope,  and  the  coefficient  of  inter- 
nal friction  was  thoroughly  investigated  by  W.  Felle- 
nius  (4).  The  results  published  by  Fellenius  apply  only 
to  plane  slopes  terminating  in  horizontal  planes  and 
consisting  of  homogeneous  material.     In  solving  sta- 


bility problems  with  more  complicated  conditions,  the 
data  for  finding  the  position  of  the  dangerous  arc  must 
be  fouiid  by  trial.  The  data  furnished  by  Fellenius 
makes  it  possible  to  select,  at  the  very  outset,  cii'cles 
which  are  fairly  close  fo  the  critical  one  and  the  ti-ial 
computations  can  be  limited  to  the  investigation  of  the 
conditions   of   equilibrium    along   a   few   curves.     The 


Figure  8. 
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-Diagram  for  Use  in   Determining  Position   of 
0  When  a,  0,  and  i  Are  Known 


^/? 
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-^ 

following  is  a  brief  summaiy  of  the  data  pul)lished  by 
Fellenius  (4): 

(a)  Soils  with  cohesion  only  (0  =  0).  Figure  8  shows 
the  position  of  arcs  along  which  the  danger  of  sliding  is 
the  greatest,  provided  the  sliding  surface  passes  through 
the  foot  of  the  slope.  However,  for  all  slopes  with  an 
inclination  of  less  than  53°  the  most  dangerous  sliding 


Figure  9.- 


-Shape  of  Most  Dangerous  Sliding  Surface  on 
Slopes  of  Less  Than  53° 


surface  does  not  pass  through  the  foot  of  the  slope  but 
is  located  as  shown  in  Figure  9.  The  center  of  the 
critical  arc  is  in  this  case  perpendicularly  above  the 
middle  of  the  slope  and  its  radius  of  curvature  should 
theoretically  be  ecjual  to  co.  This  paradoxical  result 
is  due  to  the  assumption,  (^  =  0.  According  to  Table  1 
the  angle  </>  is  rarely  efiual  to  zero  and,  in  addition,  the 
radius  of  curvature  has  but  very  little  effect  on  the 
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danger  of  sliding  along  surfaces  located  beneath  the 
slope.  There  is,  therefore,  no  contradiction  between 
theory  and  practice. 

(b)  Soils  with  cohesion  and  friction.  For  these  soils 
the  resistance  against  sliding  at  every  point  of  the  slid- 
ing surface  is  equal  to  c  +n  tan  <^  per  unit  of  surface 
(equation  1).  Since  in  this  case  we  have  to  deal  with 
two  variables,  c  and  </>,  the  results  of  a  general  investi- 
gation can  only  be  represented  by  a  set  of  curves.  In 
order  to  determine  these  curves,  we  start  our  investi- 
gation on  the  assumption  that  0  is  equal  to  zero. 
Based  on  this  assumption  we  determine  the  cohesion 
required  for  maintaining  equilibrium.  This  cohesion 
value  is  called  Cq,  and  the  centers  of  the  circles  along 
which  the  sliding  would  occur  are  located  on  a  curve 


Figure  10. — Diagram  Showing  Method  of  Locating  Center 
OF  Sliding  Curve 

KK.  (Fig.  10.)  The  position  of  the  centers  on  this 
curve  obviously  depends  on  the  inclination  of  the  slope. 
Now,  let  us  assume  that  the  inclination  of  the  slope 
remains  constant,  for  instance,  1  =  18°  26',  while  the 
coefficient  of  friction,  tan  4>,  increases.  The  greater  the 
angle  <i>,  the  smaller  is  the  cohesion  required  for  main- 
taining equilibrium.  As  soon  as  4>  becomes  equal  to 
the  angle  of  inclination,  /,  of  the  slope,  the  cohesion 
required  for  maintaining  equilibrium  becomes  equal  to 
zero.  The  cohesion  values  which  correspond  to  the 
different  angles  of  internal  friction  will  be  called  c. 

The  investigations  of  Fellenius  have  led  to  the  follow- 
ing conclusions  concerning  the  position  of  the  sliding 
circles  for  equal  values  of  i  but  for  different  values  of  0. 
With  increasing  values  of  4>  the  center  of  the  sliding 
curve  (fig.  10)  moves  from  its  initial  position  O  (<^  =  0, 
c  =  Co)  up  and  outward  toward  0„,  whereby  the  radius 
of  the  sliding  circle  increases.  In  the  same  figure,  the 
dash-dotted  curves  show  the  positions  of  the  centers  of 
the  sliding  circles  for  different  values  of  0  and  for  values 
of  i  of  33°  41'  and  45°.  Since  the  curves  on  which  the 
centers  of  the  circles  are  located  are  very  flat,  they  can, 
with  a  suflicient  degree  of  accuracy,  be  replaced  by 
straight  lines.  These  straight  lines  approximately  pass 
through  a  point  C,  located  at  a  depth  of  2h  below  the 
upper  rim  of  the  slope,  and  at  a  distance  4.5h  to  the 
right  of  the  foot  of  the  slope,  as  shown  in  Figure  10. 
Hence,  if  we  determine  for  any  slope  the  position  of 
the  point  C  and  the  center  O  of  the  sliding  circle  for 
<^  =  0,  we  know  that  the  center  of  the  sliding  circle  for 
<^>0  is  located  on  the  straight  line  CO,  beyond  point  O. 
The  position  of  the  center  O  can  be  determined  by 
means  of  the  data  presented  in  Figure  8. 

In  order  to  investigate  the  stability  of  a  slope  with 
any  arbitrary  cross  section  formed  by  a  material  having 
an  angle  of  internal  friction,  4>,  the  following  procedure 
is  employed. 


(1)  Simplify  the  cross  section  so  as  to  make  it  conform 
to  one  of  the  standard  cross  sections  shown  in  Figuz'e  8. 

(2)  By  means  of  Figure  8,  determine  the  location  of 
the  center  of  the  critical  circle  O,  assuming  that  4>  =  0. 

Figure  8B  shows  that  the  position  of  O  is  determined 
by  the  value  of  the  angles  a,  /S,  and  i.  If  we  plot  the 
values  of  i  as  abscissas,  and  the  values  of  a  and  /S  as 
ordinates,  we  obtain  the  curves  ka  and  k(f.  (Fig.  7C.) 
Hence,  the  position  of  O  for  a  slope  with  inclination  i 
may  be  located  by  the  use  of  values  of  a  and  /3  corre- 
sponding to  the  value  of  i  as  given  in  Figure  8C. 

(3)  Determine  the  position  of  the  point  C  (fig.  10) 
and  draw  the  straight  line  CO. 

According  to  the  preceding  discussion  the  point  C  is 
located  at  a  depth  of  2h  below  the  upper  level,  and  at  a 
distance  of  4.5/t  to  the  right  of  the  toe  of  the  slope,  h 
denoting  the  difference  in  elevation  of  the  upper  and 
the  lower  levels  of  the  slope.     (See  fig.  10.) 

(4)  On  the  basis  of  the  data  presented  in  Figure  10 
and  from  j^revious  experience  with  similar  graphic  com- 
putations, estimate  the  section  of  00  „  within  which  the 
center  of  the  critical  circle  for  the  given  value  of  </> 
will  fall. 

(5)  Within  this  range  select  several  equally  spaced 
points  O',  0",  etc.,  as  centers  for  the  sliding  curves. 

(6)  Draw  the  sliding  curve  for  each  center  chosen. 

(7)  For  each  curve  compute  the  cohesion,  c,  required 
to  maintain  equilibrium  with  the  assigned  value  of  4>. 
The  method  of  computing  c  will  be  explained  in  the 
next  section  of  the  paper. 

(8)  The  critical  sliding  plane  is  obviously  represented 
by  the  curve  for  which  the  value  of  c  is  a  maximum. 

For  sliding  planes  which  do  not  pass  through  the  foot 
of  the  slope,  an  increase  of  the  value  of  (/>  causes  the 
center  of  the  critical  circle  to  move  toward  the  left  and 
the  radius  to  become  smaller,  as  shown  in  Figure  11. 


%=0.75 


Figure  11. — Effect  of  Increase  in  Value  of  (/>  on  Location 
OF  Critical  Circle  Where  Sliding  Plane  Does  Not  Pass 
Through  the  Foot  of  the  Slope 

stabiuty  of  cohesive  earth  determined  by  simplified 
graphical  procedure 

In  order  to  explain  the  principle  of  graphically  de- 
termining the  value  of  c,  the  cohesion  required  for  main- 
taining equilibrium  along  a  cylindrical  sliding  surface, 
the  slice  AA'B'B  of  Figure  6  has  been  redrawn  in  Figure 
12  on  a  larger  scale.  This  slice  stands  under  the  in- 
fluence of  the  following  forces;  its  weight,  Q,  acting 
downward,  and  the  two  earth  pressures  E'  and  E". 
These  three  forces  combined  give  a  resultant  force  R' . 
Since  the  slice  is  supposed  to  be  in  equilibrium,  the 
soil  located  beneath  the  sliding  surface,  AB,  must  exert 
on  the  slice  a  soU  reaction  equal  and  opposite  to  R' . 
This  force  is  shown  in  Figure  12  as  R.     This  reaction 
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can  be  resolved  into  a  normal  force  A^'  and  a  tancjential 
force  T'.  (Fig.  12B.)  Since  the  tangential  resistance 
of  the  soil  consists  only  of  cohesion  and  friction,  the 
condition  for  the  equilibrium  of  the  slice  is,  AB  c+N' 
tanct>=T'. 


Figure   12. — Graphic  Analysis  of  Forces  Acting  on  Slice 
AA'B'B  OF  Figure  6 

Unfortunately,  neither  the  direction  nor  the  intensity 
of  the  forces  E'  and  E"  are  known.  In  order  to  solve 
the  problem,  it  becomes  necessary  to  introduce  a  more 
or  less  arbitrary  assumption  concerning  the  forces,  E. 
Sven  Hultin  assumed  that,  at  each  vertical  face  AA', 
BE',  etc.,  the  forces,  E,  act  at  the  lower  third  and  in 
a  horizontal  direction  (9).  Fellenius  assumed  the  posi- 
tion of  the  force,  E,  for  the  first  slice  and  obtained  the 
data  for  the  other  ones  from  the  condition  that  the 
polygon  of  forces  for  the  whole  system  must  be  closed 
(4)-  Whatever  the  assumption  may  be,  the  procedure 
is  rather  elaborate  and  requires  a  very  appreciable 
amount  of  time. 

However,  experience  has  shown  that  the  effect  of  the 
nature  of  these  assumptions  has  but  little  influence  on 
the  final  result  of  the  computation.  This  is  essentially 
due  to  the  fact  that  the  forces,  E,  are  internal  forces 
of  the  sliding  wedge  of  earth  which  in  turn  leads  to 
both  the  horizontal  and  vertical  components  of  the 
forces,  E,  balancing  each  other  within  the  wedge.  The 
sum  of  all  vertical  forces  acting  on  the  sliding  surface 
is  always  equal  to  the  weight  of  the  wedge,  regardless 
of  what  the  value  and  the  direction  of  the  E  forces 
may  be.  Hence,  the  assumptions  concerning  E  merely 
influence  to  a  certain  extent  the  distribution  of  the 
vertical  forces  (loads)  over  the  sliding  surface. 

For  these  reasons,  H.  Krey  in  Berlin  suggested  dis- 
regarding the  presence  of  the  earth  pressure,  E,  alto- 
gether and  making  the  soil  reaction,  R  (fig.  r2A),  equal 
and  opposite  to  the  weight,  Q,  of  the  corresponding- 
slice.  The  effect  of  this  simplification  on  the  final  re- 
sult may  be  learned  from  the  polygon  of  forces  shown 


in  Figure  12B.  Taking  the  forces,  E,  into  considera- 
tion, the  two  components  of  the  soil  reaction  are  T" 
and  N'.  Disregarding  f hem,  the  components  are  T  and 
N,  respectively.  In  the  lii'st  case,  the  resisting  forces 
acting  along  the  surface,  AB,  are  ABc+N'  tan  <l>;  in 
the  second  case,  ABc  +iV  tan  4>.  The  difl'erence  is  equal 
to  (N'-N)  tan  0.  Since  for  one  part  of  the  sliding 
surface  the  difference,  (N'-N),  is  positive,  for  the 
other  one  it  is  negative ;  the  errors  partially  compensate 
each  other  and  the  final  error  is  generally  small  enough 
to  be  neglected. 

To  still  further  reduce  the  final  error,  Krey  proposed 
replacing  the  load  system  which  is  represented  in 
Figure  13  by  the  wedge  ABC  and  the  external  force,  P, 
by  a  body  of  earth,  ABD'D,  of  equal  weight  but  hmited 
by  a  smooth  curve  without  any  corners.  This  sugges- 
tion is  based  on  the  fact  that  every  concentrated  load 
spreads  over  a  wider  area  if  transmitted  from  the 
surface  to  a  lower  level,  through  an  intermediate  layer 
of  soil.  Thus,  in  Figure  13,  the  load,  P,  will  certainly 
not  produce  a  concentrated  pressure  acting  on  the 
sliding  surface,  AB,  but  a  more  widely  distiibuted 
pressure  of  equal  intensity.  However,  Krey  points 
out  that,  in  general,  the  final  error  is  not  iniportant 
enough  to  make  this  procedure  necessary. 

If  one  disregards  the  effect  of  the  forces,  E,  on  the 
pressure  distribution,  the  stability  problem  consists 
merely  of  determining  the  sum  of  the  moments  /?ii;r„ 
which  tend  to  produce  a  rotation  of  the  wedge  around 
the  center  of  the  sliding  curve  and  to  determine  the 
sum  of  the  moments  which  resist  such  a  displacement. 
Krey  solved  this  problem  analytically  for  a  material 
which  has  no  cohesion  {c  =  0,  ^>0)  and  tabulated  the 
numerical  computations  (.9). 


Figure  13. — Diagram     Used     in     Determining     Cohesion 
Where  a  Slide  Has  Occurred  Along  Curve  AB 

However,  based  on  Krey's  simplifying  assumption, 
the  whole  problem  can  be  handled  semi-graphically  in 
a  very  simple  manner,  regardless  of  whether  or  not  the 
material  has  cohesion,  and  whether  or  not  the  earth 
is  supported  by  a  retaining  wall.  The  principle  of  the 
the  procedure  is  illustrated  in  Figure  13.  To  make  the 
case  more  complicated  it  was  assumed  that  part  of  the 
slope  was  under  water  and  that  a  concentrated  load,  P, 
per  unit  of  the  length  of  the  slope,  acted  on  the  upper 
level  near  the  rim  of  the  slope.  Let  the  weight  of  the 
earth  above  and  below  t  he  ground  water  level  be  equal  to 
A  and  A,  per  unit  of  volume,  respectively.     Assume 
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that  a  slide  has  occurred  along  the  slope  represented  in 
the  figure  and  it  is  desired  to  know  the  cohesion,  c,  which 
the  material  had  at  the  time  of  the  slide,  the  angle  <^ 
of  internal  friction  being  known. 

In  order  to  solve  this  prctl^lem,  first  determine  by 
means  of  a  survey  the  position  of  the  sliding  surface  and 
pass  through  the  points  determined  by  the  survey  an 
arc  of  a  circle,  AB.  Then  draw  vertical  lines  divid- 
ing the  wedge  ABC  into  slices  with  a  width,  b.  The 
weight  of  each  one  of  these  slices  is  equal  to 

Q„  =  b{hA+hiAi). 

The  weight,  Q„,  of  each  of  these  slices  can  be  resolved 
into  a  tangential  component,  T„,  and  a  radial  compo- 
nent, A^„.  This  operation  must  be  graphically  per- 
formed for  each  one  of  the  slices.  The  sum,  I,Qn,  of 
the  weights  of  all  the  slices  is  equal  to  the  total  weight 
of  the  wedge  ABC.  The  total  cohesion  acting  along 
the  sliding  surface  is  ABc  =  Zc  (where  L  equals  the 
length  of  the  arc  AB)  and  the  total  friction  is  equal  to 
1^N„  tan,  (/)  =  tan  4>'EN'n-  Sines  the  movement  can  con- 
sist only  of  a  rotation  of  the  wedge  around  the  center, 
O,  of  the  sliding  surface,  the  condition  for  equilibrium  is 
that  the  sum  of  all  the  moments  around  O  must  be 
ecjual  to  zero.     Hence 


R^Tn  +Pd^  {Lc  +tan  </,2A^„)  R, 


or 


r,+Pj^-tan02A^„ 


Os 
Figure  14 


-Graphical  Determination  of  Cohesion  and 
Angle  of  Internal  Friction 


This  operation  is  so  simple  that  it  can  easily  be  per- 
formed in  half  an  hour.  If  both  the  cohesion,  c,  and 
the  angle  of  internal  friction  are  unknown,  our  prob- 
lems can  be  presented  as  follows:  Determine  the  values, 
c  and  (j),  for  which  the  point  O  represents  the  center  of 
a  most  dangerous  circle.  In  order  to  solve  this  prob- 
lem, we  assign  to  the  angle  of  internal  friction,  4>,  dif- 
ferent values,  ^1,  4)2,  etc.,  and  select  several  points 
Oi,  O2,  O3,  etc.,  as  centers  for  different  circles  which 
pass  through  the  points  A  and  B.  Then  we  trace  these 
circles  and  compute  for  each  circle  the  cohesion  re- 
quired to  prevent  the  slide,  provided  the  angle  of  in- 
ternal friction  is  ec[ual  to  ^i,  </)2,  etc.  By  plotting  the 
distance  between  the  centers  of  the  different  circles  as 
abscissas  and  the  values  of  c,  obtained  for  different 
values,  01,  02,  as  ordinates,  we  obtain  a  set  of  curves, 
as  shown  in  Figure  14.  Each  one  of  these  curves  pre- 
sents somewhere  a  maximum  (Ci,  Go,  C3)  whose  posi- 
tion determines  the  position  of  the  center  of  the  most 
dangerous  circle.  The  slide  has  obviously  occurred 
along  a  critical  circle.     Hence,  the  intersection  C  be- 


tween the  dash-dotted  curve  C1C2C3  and  the  ordinate 
of  O  determines  the  cohesion.  From  the  position  of 
point,  C,  we  learn  that  the  angle  of  internal  friction 
must  have  been  slightly  greater  than  4>i.  This  is  the 
general  procedure  by  means  of  which  Fellenius  deter- 
mined the  value  of  0  for  the  underground  of  the  Stigs- 
bergkai  in  Gotenburg  (4). 

STABILITY  DETERMINATION  ILLUSTRATED  BY   A  NUMERICAL 
EXAMPLE 

The  following  numerical  example  is  given  to  explairt 
the  details  of  semigraphical  stability  computations: 

A  uniform  slope  with  an  inclination  of  1  :  2  (fig.  15) 
is  assumed  to  consist  of  a  very  plastic  clay  (gumbo)  of 
a  medium  stiff"  consistency.  The  water  content  was 
found  to  be  equal  to  50  per  cent  of  the  weight  of  the 
dry  substance  and  the  specific  gravity  of  the  grains 
was  2.67.  The  total  height  of  the  slope  is  13.5  meters, 
of  which  9  meters  are  located  below  the  level  of  an  ad- 
joining lake.  From  previous  experience,  it  is  esti- 
mated that  the  angle  of  internal  friction  is  equal  to 
or  somewhat  smaller  than  4°  and  the  cohesion  is  ap- 
proximately equal  to  4  metric  tons  per  square  meter 
(about  820  pounds  per  square  foot).  Required:  To 
compute  the  factor  of  safety  of  the  slope. 

Since  we  are  not  sure  as  to  the  extent  to  which  hydro- 
static uplift  acts  wdthinamass  of  plastic  clay,  the  com- 
putation will  be  based  on  two  different  assumptions: 

I — Hydrostatic  uplift  fully  active,  and, 

II — Hydrostatic  uplift  within  the  clay  equal  to  zero. 

The  voids  ratio  of  the  clay  is  equal  to  0.5  X  2.67  =  1 .335^ 

1  335 
and  the  volume  of  voids  is  ^--—-^^  =  0.57  =  57  per  cent, 

the  weight  of  soil  above  water  (provided  the  voids  are 

completely  filled  with  water)  A  =  0.43  X  2.67  +0.57  =  1 .72 

tons  per  cubic  meter  and  below  the  ground  water  level 

Ai  =  0. 43  X  1.67  =  0.72  tons  per  cubic  meter.    The  ratio 

A  . 

~  IS  equal  to  2.39. 

The  first  step  in  the  investigation  is  to  determine  the 
position  of  O,  the  center  of  the  sliding  curve,  assuming^ 
that  the  angle  of  internal  friction  is  equal  to  zero  and 
using  the  data  presented  in  Figure  8.  In  this  case  the 
slide  would  occur  along  the  curve  AC  of  Figure  15. 
Then,  the  wedge  ABC  is  divided  into  vertical  slices 
(1),  (2),  etc.,  with  a  width  of  4.5  meters  each.  In 
order  to  simplify  the  graphic  procedure  for  Case  I 
(hydrostatic  uplift  fully  active)  multiply  the  ordinates 
of  the  section  AiBC  of  earth  located  above  the  water 

level  by  the  ratio --  =  2.4,  which  gives  the  broken  line 

AiBiCi.  Thus,  within  the  area  ABC,  the  area  of  every 
slice  of  unit  depth  is  proportional  to  the  weight  of  each, 
slice,  for  Case  II  one  square  meter  represents  1.72  tons, 
and  for  Case  I  within  the  area  AAiBjCi,  every  square 
meter  is  equivalent  to  0.72  ton. 

In  Case  II,  the  section  AA,  of  the  slope  is  acted  upon 
by  the  water  pressure  which  can  be  represented  by  a 
triangle  AAjW.  The  side  AW  of  this  triangle  repre- 
sents a  pressure  of  9  metric  tons  per  square  meter, 
which,  according  to  the  scale  of  the  drawing  is  equal 
to  4.5  centimeters.*  In  order  to  reduce  the  water 
pressures  to  the  scale  in  which  the  area  ABC  repre- 
sents the  weights,  connect  point  =  Wii  with  Ai,  whereby 

AWii  =  TAW  =  r^^x4.5  cm.  =  2.62  centimeters.     IF  is 
"     A  1./2 

the  resulting  force  of  the  water  pressures  acting  on  AAi. 

<  Multiply  dimensions  of  drawing  by  1.81  to  get  dimensions  of  original  drawing. 
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Figure   15. — Diagram  Used  in  Solution  of  Typical  Stability  Problem 


The  following-  is  a  summary  of  the  method  of  per- 
forming the  investigation: 

(1)  With  the  data  presented  in  Figure  8  determine 
the  position  of  the  center  O  of  the  circle  representing 
the  sliding  curve  for  a  plain  slope,  AB,  consisting  of 
earth  with  cohesion,  but  no  internal  friction.  In  one 
case  the  slope,  AB,  is  acted  upon  by  water  pressure  and 
in  addition  the  stability  of  the  slope  is  due  not  only  to 
cohesion  but  also  to  friction.  Hence  we  know  in  ad- 
vance that  O  does  not  exactly  represent  the  center  of 
the  most  dangerous  circle.  But,  since  we  are  obliged 
to  determine  the  position  of  0  by  trial,  it  is  already  of 
value  to  know  that  it  is  located  in  the  vicinity  of  the 


unknown  center  and  we  start  our  investigation  by  com- 
puting the  cohesion  required  to  maintain  ef|uiHbrium 
along  the  arc  AC  with  its  center  at  O. 

In  order  to  secure  this  information,  we  divide  the 
area  ABCJ  into  vertical  strips,  each  one  of  them  4.5 
meters  wide. 

(2)  Determine  the  center  of  gravity  of  each  one  of 
the  slices  (1),  (2),  (3),  etc.  For  most  of  them  the  cen- 
ter of  gravity  can  be  assumed  to  be  halfway  between 
the  two  vertical  l)oundaries  of  the  slice. 

(3)  Pass  vertical  lines  through  the  centers  of  gravity 
of  the  sections  to  (h'termine  the  position  of  the  force  of 
gravity  acting  on  the  slices.  These  forces  intersect  (he 
sliding  curve  at  tiie  points  1,  2,  3,  etc. 
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(4)  Since  all  the  slices  are  equal  in  width  (except  the 
last  one),  the  weights  are  proportional  to  the  average 
heights  of  the  slices.  Resolve  these  weights  into  radial 
components,  A^,  and  into  tangential  components,  T. 
In  Figure  15  this  operation  is  shown  for  the  point  6 
at  the  base  of  slice  6.  The  weight  of  the  slice  is  repre- 
sented by  the  distances  6-6i  and  G-Gn,  respectively 
(for  Case  I  and  Case  II,  equal  to  the  average  height 
of  the  slice  with  the  top  biBi  and  bB  respectively). 
The  two  components  of  the  weight  are  A^i,  Ti,  and 
Nil,  Til,  respectively. 

(5)  We  proceed  in  a  similar  manner  for  the  water 
pressures  represented  by  the  triangle  AAiWu.  How- 
ever, since  these  water  pressures  are  small  in  com- 
parison with  the  total  weight  of  the  section  ABC, 
we  can  I'eplace  them  by  their  resultant,  W,  and  resolve 
this  resultant  at  its  point  of  intersection  with  the 
sliding  curve  W  into  a  radial  component  A^w  and  a 
tangential  component  Tw 

(6)  Assemble  the  results  of  these  preliminary  in- 
vestigations in  a  table,  indicating  the  dimensions  of 
the  various  forces  in  centimeters  as  measured  on  the 
drawing  regardless  of  the  scale.  (Table  3.)  In 
Figuj-e  15  all  the  weights  were  represented  by  the 
average  height  of  the  corresponding  slices.  The  width 
of  all  the  slices  was  equal  to  4.5  meters,  except  for  the 
slice  10,  which  was  1.6  meters  wide.  Hence,  in  Table  3 
all  the  figures  referring  to  slice  10  were  multiplied  by 

1    c 

the  ratio    .'. •     The   measured  figures   are   shown   in 

4.0  ^ 

parentheses  with  the  derived  figure  below. 

Table  3. —  Values  of  N  and  T  for  soil  slices  of  Figure  H 


Slice 

Case  I 

Case  II 

Ni 

Ti 

Nn 

T,i 

1__ ... 

Centimeters 

1.14 

3.40 

5.33 

6.83 

8.58 

10.33 

9.90 

7.47 

4.30 

r           (1. 42) 

1              .51 

Centimeters 

-0.70 

-1.32 

-1.11 

-.24 

+1.18 

3.35 

5.36 

6.23 

5.86 

(3.  33) 

.18 

Centimeters 
1.14 
3.40 
5.33 
6.83 
7.80 
8.05 
7.12 
5.01 
2.45 
(.  50) 
.18 

Centimeters 
-0.70 

2 

-1.32 

3.. 

—  1. 11 

4 

-.24 

5. 

+1.07 

0 

2.  60 

3.83 

8 

4.17 

9 

3.32 

10   - 

(1.14) 

.41 

Total 

57.  79 

19.79 

47.31 

12.03 

Total  reduced  to  tons 

375 

128 

733 
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In  the  original  drawing  of  Figure  15  (before  reduc- 
tion for  publication)  1  centimeter  represented  2  meters. 
Hence  every  centimeter  of  height  of  a  slice  represents 
9  cubic  meters  (4.5X2X1)  of  earth.  In  Case  I  every 
cubic  meter  was  supposed  to  weigh  0.72  tons  and  in 
Case  II,  1.72  tons.  Hence  every  centimeter  scaled  off 
the  polygons  of  forces  represents  in 

Case  I,  9X0.72  =  6.48  tons,  and  in 
Case  II,  9X1.72  =  15.48  tons. 

Multiplying  the  totals  shown  in  the  Table  3  by  these 
factors,  we  obtain  the  quantities  A'':,  Ti,  etc.,  in  tons. 
The  components  of  the  water  pressure  W  are  Nw  =  68 
tons  and  T)r  =  59.5  tons.  Since  the  sum  of  the  moments 
of  all  the  forces  around  the  center  of  rotation,  O,  should 
be  equal  to  zero  and  since,  in  addition,  all  the  radial 
forces,  A^ , produce,  along  the  cylindrical  sliding  surface, 
a  frictional  resistance,  A^  tan  0,  in  a  tangential  direction, 
the  conditions  for  equilibrium  are, 


for  Case  I, 

RzTi^RzNi  tan  <p+RLc,  or 

^Ti-tein<t>^Ni 
'  = 1 

wherein  L  denotes  the  length  AC  of  the  sliding  curve 
and  is  equal  to  52.3  meters.     Hence 


128-0.07X375 
52.3 


1.95  tons  per  square  meter; 


for  Case  II, 

R:zTii^Ri:Nu  tan  <p  +RLc  +RNw  tan  4>  +RTw,  or 
STii-tan  </)2A^u-tan  <}>Nw-  Tw 

'= z — 

^  186  -  0.07(733  +68.0)  -  59.5 

52.3 
=  1.33  tons  per  square  meter. 

In  case  the  angle  of  friction  4>  were  zero,  the  members 
which  contain  tan  <^  would  disappear,  and  we  obtain 
the  following: 

Case  I,  c  =  ^T-^  =  r^-^  =  2.45  tons  per  square  meter, 

^  2^11- rH^_  186-59.5 

Laseii,  c-         ^         ~      52.3 

=  2.42  tons  per  square  meter. 

These  figures  inform  us  about  the  cohesion  required 
to  maintain  equilibrium  along  the  sliding  curve  AC. 

However,  it  has  been  pointed  out  that  the  arc,  AC, 
does  not  represent  the  most  dangerous  circle.  To  find 
the  circle  on  which  the  danger  of  sliding  is  greatest,  we 
must  repeat  the  computation  for  several  circles. 
According  to  the  explanation  on  page  184,  the  center  of 
the  most  dangerous  sliding  surface  is  located  approxi- 
mately on  a  straight  line  connecting  B  with  O.  This 
rule  was  derived  for  slopes  which  are  entirely  above 
the  water  level  but  it  gives  at  least  a  hint  concerning 
where  to  search  for  the  center  of  the  most  dangerous 
circle. 

Since  shifting  the  center  has  little  effect  on  the  value 
of  c,  for  practical  purposes  it  seems  to  be  sufficient  to 
limit  the  investigation  to  circles  with  centers  located 
on  a  line  which  passes  through  B  and  O.  On  this  line, 
beyond  point  O,  we  select  three  trial  centers  O',  O", 
and  O'" ,  and  draw  the  corresponding  arcs  AC,  AC", 
and  AC".  The  values  of  c  for  these  arcs  can  be  de- 
termined much  more  rapidly  than  for  the  first  arc. 
The  procedure  is  shown  for  the  slice  6.  Draw  through 
the  point  6  a  set  of  rays,  parallel  to  the  lines  6'0', 
6"0",  and  6"'0"',  respectively.  In  passing  from  the 
arc  AC  to  the  arcs  AC,  AC",  and  AC"'  the  average 
height  of  slice  6  has  been  reduced  in  succession  by  Q' , 
Q" ,  Q'" .  Since  in  the  polygons  of  forces  the  weights 
are  represented  by  the  average  heights  of  the  slices,  to 
obtain  the  vertical  forces  which  act  within  the  section 
6  on  the  different  sliding  planes,  it  is  necessary  to  reduce 
the  distances  6-6i  and  6-611  in  succession  by  Q' ,  Q" , 
Q'",  thus  obtaining  the  points  6'i,  6"i,  6"'i,  and  6'ii, 
6"ii,  6"'ii,  respectively.  Resolve  the  forces  thus  ob- 
tained into  their  radial  and  tangential  components  A^'i, 
T'l,  N' II,  T' II,  etc.,  and  proceed  exactly  as  in  the  com- 
putation for  the  arc  AC. 
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The  results  furnished  by  the  computation  are  plotted 
above  the  line  OB.  Connecting  the  different  points 
with  each  other  by  curves,  we  determine  the  position 
of  the  centers  of  those  sliding  curves,  along  which  the 
danger  of  sliding  is  greatest.  The  two  most  dangerous 
sliding  curves  {(j>  =  4^°,  Case  1  and  II)  are  shown  by 
heavy  dash-dotted  lines  and  are  located  on  both  sides 
of  the  arc  AC.  The  factor  of  safety  is  equal  to  the 
ratio  between  the  forces  which  counteract  the  move- 
ment, and  the  forces  which  tend  to  produce  it.  Re- 
taining the  figures  obtained  for  the  sliding  curve  AC, 
and  considering  that  the  cohesion  of  the  earth  is  ap- 
proximately 4  tons  per  square  meter,  we  obtain  for  the 
factor  of  safety,  S,  the  following: 

^        TO      tan  02iV+Zc     0.07X272+46.4X4      ,  „, 
Case  1,  *S/= ^Tm = zrv:^ =1.86 


Case  II,  Sn  = 


sr  110 

tan  <^(2JV+iVJ+Lc 

^0.07(530 +73) +46.4X4 
163.0-53.3 


=  2.08 


Considering  the  hydrostatic  uplift  to  be  active  is 
the  more  conservative  assumption.  If  the  internal 
friction  were  zero  (0  =  0),  the  most  dangerous  circle 
would  almost  coincide  with  the  arc  AC,  and  the  factors 
of  safety  would  be, 

^        .    „       ic      52.3X4      ^  „. 
Case  I,  '^/=v2^=  ■  19^^  =1.64 


Case  II,  iS'//  = 


Lc 


52.3X4 


:Tu-T,o     186.0-59.5 


=  1.65 


The  assumptions  that  the  sliding  surface  is  strictly 
cylindrical  and  that  natural  soil  deposits  are  perfectly 
homogeneous  give  the  preceding  computations  the  char- 
acter of  estimates.  Hence  no  great  accuracy  is  required 
in  the  numerical  computations  and  the  results  obtained 
with  an  ordinary  slide  rule  are  sufficiently  accurate, 

THEORY    APPLICABLE    IN    DETERMINING    THE    EARTH    PRESSURE 
AGAINST  RETAINING   WALLS 

The  theory  of  stability  of  plain  slopes  may  be  applied 
with  only  slight  modification  to  the  earth  pressure 
against  retaining  walls.  For  rather  steep  slopes  of  clay 
soil  with  the  lower  portion  supported  by  a  retaining 
wall,  the  curvature  of  the  sliding  surface  is  so  appre- 
ciable that  the  theories  presented  in  this  paper  can  be 
applied  in  the  stability  computation.  On  the  other 
hand,  for  cohesionless  back  fills,  with  either  level  or 
gently  inclined  surface,  the  curvature  of  the  sliding 
surface  may  be  neglected  and  computation  may  be 
made  using  Coulomb's  theory,  based  on  the  prism  of 
maximum  thrust,  resting  on  a  plane  sliding  surface. 

In  applying  any  earth  pressure  theory  in  the  design 
of  retaining  walls,  two  facts  should  be  kept  in  mind  and 
carefully  considered.  The  first  is  that  the  earth  pres- 
sure theory  merely  furnishes  the  lower  (or  the  upper) 
limit  of  the  earth  pressure,  known  as  the  active  (or 
passive)  earth  pressure.  If  a  retaining  wall  is  per- 
fectly rigid  and  provision  is  made  to  prevent  it  from 
moving  in  any  direction,  the  pressure  which  acts  on  it 
may  be  called  "earth  pressure  at  rest."  The  intensity 
of  this  earth  pressure  lies  somewhere  between  the  value 
of  the  active  and  the  passive  earth  pressure.  It  de- 
pends not  on  cohesion  and  internal  friction,  but  solely 
on   the   elastic  properties   of   the   back  fill.     For   this 


reason  it  can  not  be  computed  by  means  of  earth 
pressure  theory. 

However,  if  the  wall  is  allowed  to  yield  under  tlie 
influence  of  the  prcssui-e,  the  intensity  of  the  pressure 
gradually  decreases  until  finally  a  shearing  suiTace  is 
formed  within  the  back  fill  and  the  "slidhig  wedge" 
moves  down  and  outward.  The  earth  pressure  which 
acts  against  the  wall  at  the  instant  before  the  actual 
shearing  occurs  is  called  the  "active  earth  pressure" 
and  represents  the  smallest  value  the  earth  pressure 
seems  to  assume.  On  the  other  hand,  if  the  wall  is 
prevented  from  yielding,  and,  in  addition,  we  press  it 
against  the  back  fill,  the  intensity  of  the  earth  pressure 
gradually  increases,  until  finally  sliding  occurs  along  a 
slightly  curved  surface,  the  sliding  wedge  moving  up- 
ward between  the  wall  and  the  surface  of  rupture. 
The  earth  pressure  which  acts  immediately  before  this 
occurs  is  called  the  "passive  earth  pressure."  The 
"earth  pressure  at  rest"  differs  from  the  active  and  the 
passive  earth  pressure  in  that  they  are  independent  of 
the  elastic  properties  of  the  back  fill  and  merely  depend 
on  the  cohesion  and  friction  values. 

From  the  preceding  discussion  it  is  obvious  that  the 
earth  pressure  does  not  assume  the  limiting  values  before 
it  has  undergone  a  more  or  less  appreciable  lateral 
expansion  (or  compression)  associated  with  a  yield  (or 
advance)  of  the  wall.  This  fact  has  been  repeatedly 
demonstrated  by  experiments  and  is  due  to  the  uni- 
versal phenomenon  that  internal  friction  does  not 
develop  before  the  mass  has  undergone  a  certain 
deformation,  comparable  with  the  deformation  required 
to  put  a  solid  body  under  stress.  A  discussion  of  the 
relation  which  exists  between  earth  pressure  and  the 
yielding  of  the  retaining  wall  may  be  found  in  previous 
publications  of  the  writer  {18). 

SEASONAL   VOLUME   CHANGES  OF  BACK   FILL  OF  GREAT 
IMPORTANCE 

From  a  practical  point  of  view,  a  second  factor — the 
eft'ect  of  seasonal  volume  changes  of  the  back  fill  on 
the  intensity  of  the  earth  pressure — is  far  more  impor- 
tant than  the  factors  just  mentioned.  These  seasonal 
pressure  variations  have  very  little  in  common  with 
the  variation  of  the  pressure  exerted  by  cohesionless 
materials,  due  to  temperature  changes  (5).  In  con- 
trast to  the  temperature  eft'ects  which  are  of  very  little 
importance,  the  detrimental  pressure  variations  are 
only  apt  to  be  encountered  in  those  cases  where  the 
wall  is  back  filled  with  clay  soils  or  stone-clay  mixtures 
with  appreciable  cohesion.  Taking  the  cohesion  of 
these  materials  into  consideration,  the  earth  pressure 
exerted  by  the  back  fill  against  low  retaining  walls 
should,  according  to  the  earth  pressure  theories,  be 
practically  zero.  Yet  these  walls  are  apt  to  be  gradually 
forced  out  of  plumb  in  spite  of  the  fact  that  theoreti- 
cally they  are  very  often  strong  enough  to  stand  even 
the  pressure  of  a  cohesionless  back  fill.  This  contra- 
diction has  led  to  the  conclusion  that  cohesion  is  a 
factor  that  can  not  be  depended  upon,  and  that  the 
yielding  of  the  walls  is  due  to  the  cohesion  temporarily 
ceasing  to  exist. 

This  conclusion  obviously  is  a  fallacy.  If  cohesion  is 
a  factor  which  can  not  be  depended  upon,  none  of 
our  road  and  railroad  fills,  consisting  of  clay  soils, 
and  very  few  of  our  earth  dams  would  exist  because 
their  slopes  are  without  exception  very  much  steeper 
than  the  angles  of  internal  friction  presented  in  Table 
2.      Cohesion   is,   within   certain   limits,    as   reliable    a 


190 


PUBLIC    ROADS 


Vol.  10,  No.  10 


factor  as  is  the  compressive  strength  of  our  construc- 
tion materials.  Hence,  if  in  certain  cases  cohesive 
back  fills  exert  earth  pressures  equal  or  even  in  excess 
of  the  earth  pressures  exerted  by  cohesionless  materials 
of  equal  weight,  the  cause  must  be  due  to  some  factor 
■other  than  those  taken  into  consideration  in  earth 
pressure  theories. 


Figure  16. — Retaining  Wall  on  a  Hill  West  of  the 
Bosporus  North  of  Constantinople 

The  explanation  of  this  strange  phenomenon  can 
be  based  on  the  results  of  actual  observations  without 
the  aid  of  the  unwarranted  hypothesis  that  cohesion  is 
not  dependable.  Figure  16  shows  a  retaining  wall  25 
feet  high  with  simple  dimensions,  reinforced  by  heavy 
buttresses.  This  wall  stands  on  a  hill  west  of  the  Bos- 
porus and  north  of  Constantinople.  During  the  25 
years  of  its  existence  the  front  part  was  gradually 
forced  out  of  plumb,  the  crest  advancing  through  a 
distance  of  about  2^2  feet.  A  piece  of  the  wing  wall 
broke  off  and  became  wedged  in  the  upper  part  of  the 
cleft  which  separates  the  wing  walls  and  the  front 
wall.  The  back  fill  is  a  cohesive  mixture  of  stones, 
grit,  sand,  and  clay,  and  there  is  little  doubt  that  the 
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Figure  17. — Sketch  Showing  Shoving  of  Top  of  Retaining 

Wall 

wall  could  be  removed  without  causing  the  back  fill  to 
slide. 

The  retaining  wall  shown  on  the  cover  page  (Anadoli 
Hissar,  Asia  Minor)  is  of  dry  masonry,  affording  free 
drainage,  and  is  back  filled  with  a  material  similar  to 
the  back  fill  of  the  wall  of  Figure  16.  In  the  course  of 
some  thirty  years,  some  sections  of  the  wall  had  ad- 
vanced through  a  distance  of  more  than  2  feet,  and  in 
three  places  it  had  collapsed.  Figure  17  shows  the  cross 
section  of  two  very  low  retaining  walls  back  filled  with 
cohesive  material  (loam  soil).  In  this  case,  due  to  the 
very  small  height  of  the  walls,  there  can  be  no  doubt 
that  the  earth  pressure  which  originally  acted  on  these 
walls  was  equal  to  zero.     Yet,  in  the  course  of  time, 


they  underwent  the  important  deformations  shown  in 
the  drawing.  Figure  18  illustrates  the  large  angle  at 
which  a  back  fill  stood  immediateh^  after  the  retaining 
wall  went  out. 


IGURE 


-Condition  of  Back  Fill  After  Failure 
OF  Retaining  Wall 


Near  the  coast  of  the  Bosporus,  between  Pera  and 
Bebek,  there  is  a  retaining  wall  with  a  vertical  face, 
well  built  and  about  60  feet  high.  In  one  place  the 
upper  half  of  the  wall  had  bulged,  forming  a  projection 
about  2  feet  beyond  the  original  face  of  the  wall.  Inves- 
tigation disclosed  that  there  was  a  sewer  pipe  buried  in 
the  back  fill  which  leaked  at  the  spot  of  the  bulging, 
causing  partial  saturation  of  the  ground.  The  bulging 
developed  within  about  20  years,  because  nobod}^  was 
intei'ested  in  stopping  the  leak. 

Instructive  examples  of  gradual  forward  movement 
of  retaining  walls  may  be  found  on  the  bridge  abutments 
of  several  highway  bridges  in  Massachusetts.  One  of 
these  abutments,  located  on  the  Merrimac  River,  has 
a  height  of  23  feet,  is  of  granite  masonry  faced  with  cut 
stone,  has  a  width  at  the  crest  of  6  feet  1  inch  and  at 
the  base  of  12  feet,  is  supported  by  piles  20  feet  long, 
and  is  well  built.  The  bridge  was  constructed  26  years 
ago  in  five  spans  of  207  feet  each,  wath  the  middle  span 
a  draw  span.  One  abutment  moved  forward  gradually 
and  remained  approximately  parallel  to  its  original 
position.  In  order  to  keep  the  draw  span  in  work- 
ing condition  the  draw  tenders  were  obliged  to  saw 
a  piece  oft'  the  wooden  plank  flooring  every  summer. 
At  present  the  abutment  is  separated  from  the  wing 
walls  by  cracks  about  3%  inches  wide.  Figure  19  shows 
one  crack.  The  abutment  itself  shows  a  vertical 
crack  near  the  center  line  of  the  bridge  which  seems  to 
indicate  that  the  abutment  broke  by  bending  prior  to  the 
separation  between  the  wing  walls  and  the  abutment. 

On  a  highway  bridge  in  the  vicinity  of  Boston  a 
20-foot  abutment  has  advanced  sufficiently  during  the 
last  25  years  to  put  tension  members  of  the  bridge  truss 
under  compression  and  cause  them  to  bulge.  In  a  third 
case  the  clearance  between  the  parapet  and  the  steel 
pedestal  of  the  bridge  has  decreased  to  zero  since  the 
bridge  was  erected  in  1898.  There  are  undoubtedly 
many  cases  of  this  kind,  but  very  little  or  nothing  has 
been  published  concerning  this  important  phenomenon, 
so  that  the  engineering  profession  has  remained  prac- 
tically ignorant  of  the  existence  of  a  very  wide  gap  in 
our  knowledge  concerning  abutments  and  retaining 
walls. 

There  may  also  be  a  causal  connection  between  the 
gradual  advance  of  retaining  walls  and  the  known  fact 
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Figure  19. — Crack  Separating  Abutment  from  Wing  Wall. 
Highway  Bridge  Crossing   Merrimac  River,   Mass. 

that  the  strip  of  fill  next  to  tlie  retaining  wall  usually 
represents  a  seat  of  trouble,  caused  by  irregular  settle- 
ments and  other  displacements.  The  writer  has  ob- 
served a  concrete  gutter  located  next  to  the  crest  of  a 
retaining  wall  which  cracked  yeai'  after  year,  in  spite 
of  patching  and  repairing  every  summer.  The  cracks 
were  such  that  they  could  not  be  accounted  for  by  the 
shrinkage  of  the  concrete. 

Tlie  aforementioned  bridge  abutments  of  Massachu- 
setts were  amply  strong  to  withstand  the  earth  pressure 
even  with  cohesion  temporarily  absent.  Hence,  accord- 
ing to  the  earth  pressure  theory,  they  should  not  move 
at  all.  Since  the  gradual  movement  can  not  possibly 
be  accounted  for  by  the  earth  pressure  theory,  it  is 
obvious  that  it  is  caused  by  processes  other  than  plain 
gravity  action. 

PHENOMENA  EXPLAINED  BY  TEST  RESULTS 

The  phenomena  become  self-evident  when  we  con- 
sider the  properties  connected  with  the  cohesion  of  the 
back  fill.  These  properties  are,  according  to  soil  phys- 
ics, low  permeability,  appreciable  volume  changes  asso- 
ciated with  drying  and  wetting  and  a  very  considerable 
difference  between  the  coeflicients  of  static  and  hydro- 
dynamic  internal  friction.  Every  prolonged  dry  spell 
causes  the  back  fill  to  shrink.  Due  to  gravity  action, 
shrinkage  occurs,  at  least  in  the  deeper  parts  of  the 
back  fdl,  in  a  vertical  direction  only.  During  the  fol- 
lowing wet  season,  the  back  fill  swells  slightly  and  while 
swelling  it  exerts  not  the  active  but  the  passive  earth 
pressure  w^hich,  for  a  cohesive  back  fill,  may  be  fifty  or 
more  times  greater  than  the  active  pressure.  However, 
due  to  the  very  nature  of  swelling,  the  passive  pressui-e 
ceases  to  act  as  soon  as  the  wall  has  yielded  through  a 
distance  equal  to  the  lateral  expansion  of  the  back  fill. 
During  the  following  dry  season  the  back  fill  contracts 
again,  without  the  wall  returning  to  its  original  position. 
The  following  wet  season  biings  an  additional  lateral 
yield,  and  so  on. 

These  seasonal  variations  of  pressure  are  beyond  the 
field  covered  by  the  earth  pressure  theories  because 
they  are  caused  by  factors  which  are  not  considered. 
Their  existence  is  plainly  brought  out  by  the  pressure 
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Figure  20. — Seasonal    Variation    in    Pressure    on    Cells 
Placed  Behind  Abutment  of  Skelut  Fork  Bridge 

cell  observations  matle  bv  the  Bureau  of  Public  Roads 
in  1921-1923  at  the  abutment  of  the  SkeUit  Foi'k 
Bridge  in  Illinois  {12).  Plotting  the  cell  pressure 
against  the  time,  for  the  various  sets  of  pressiu-e  cells, 
(fig.  20)  the  seasonal  variations  are  clearly  evident. 
Unfortunately,  the  paper  does  not  contain  any  data 
concerning  the  character  of  the  fill  and  the  moven.ient 
of  the  crest  of  the  wall. 

Due  to  the  physical  causes  of  the  gradual  outward 
movement  of  retaining  walls,  the  degree  of  safety  of 
a  wall  against  pure  gravity  pressure  (active  earth 
pressiu-e  according  to  earth  pressure  theory)  has 
nothing  in  common  witli  the  factor  of  saf(>ty  against 
gradual  lateral  displacement.  The  intensity  of  the 
active  earth  pressure  (plain  gravity  pressure)  which 
acts  on  a  wall  immediately  after  it  has  been  back  lilled 
depends  entirely  on  the  specific  gravity,  the  internal 
friction  and  the" cohesion  of  the  back  fill.  On  the  other 
hand,  the  forces  which  ])i'oduce  the  gradual  (lisj)lace- 
ment  depend  on  the  elastic  properties  of  the  back  till, 
its  structure,  fineness,  and,  to  a  high  degree,  on  the 
climatic  conditions. 
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The  fundamental  difference  between  the  two  types 
of  action  can  best  be  appreciated  by  recaUing  the  estab- 
lished fact  that,  in  nature,  the  top  strata  of  all  slopes 
consisting  of  cohesive  earth  move  like  glaciers,  slowly 
but  irresistibly,  down  the  hillsides,  unless  their  inclina- 
tion is  smaller  than  4°  or  5°,  the  speed  depending  on 
the  slope,  on  the  nature  of  the  material,  and  on  the 
climatic  conditions  (13).  Slopes  consisting  of  cohesion- 
less  material  (detritus  slopes  in  desert  regions)  also 
move  and  flatten  out,  but  in  this  case  the  movement  is 
exclusively  caused  by  temperature  variations  (identical 
with  the  cause  of  the  pressure  variations  observed  by 
J.  Feld  (3),  and  for  equal  slopes,  the  speed  of  the  move- 
ment is  very  much  less  than  for  cohesive  soils  in  humid 
climates.  With  respect  to  gravity  action,  a  slope 
with  an  inclination  of  10°,  consisting  of  cohesive  soil 
and  in  a  humid  region,  may  be  so  amply  stable  that  no 
slide  may  occur  even  on  making  a  side  cut  with  a 
vertical  face  20  feet  high.  Yet,  the  same  material, 
prior  to  making  the  side  cut,  may  move  at  a  rate  of  a 
quarter  of  an  inch  per  year. 

Several  facts  disclosed  the  existence  of  this  move- 
ment. One  of  them  is  the  slight  curvature  of  the  lower 
parts  of  trees  which  reach  a  vertical  position  only  at  a 
certain  height  above  the  ground.  On  making  a  side 
cut  with  a  vertical  face  20  feet  high  and  building  a 
retaining  wall  with  ample  dimensions  against  the  face 
thus  obtained,  the  factor  of  safety  against  gradual  dis- 
placement would  be  practically  zero,  because  the 
chances  are  the  crest  of  the  wall  will  be  forced  out  of 
its  original  position  with  at  least  the  same  speed  with 
which  the  slope  moved  prior  to  the  construction  of  the 
wall.  The  intensity  of  the  active  earth  pressure  can 
be  computed  by  means  of  the  earth  pressure  theory. 
It  would  in  this  case  be  equal  to  zero.  On  the  other 
hand,  practically  nothing  is  known  concerning  the 
forces  which  tend  to  force  the  wall  gradually  out  of 
plumb  and  concerning  the  resistance  required  to  pre- 
vent the  outward  movement.  The  scarce  data  pre- 
sented in  this  paper  are  just  sufficient  to  give  us  a 
qualitative  conception  of  the  factors  involved  and  to  call 
our  attention  to  the  existence  of  gradual  displacements. 

From  the  little  experience  we  have  it  seems  that  the 
heavier  the  wall  the  smaller  are  the  displacements  per 
year.  It  is  not  yet  known  whether  it  is  always  eco- 
iiomically  possible  to  prevent  the  gradual  yield  com- 
pletely. Until  the  behavior  of  abutments  and  retaining 
walls  under  dift'erent  climatic  conditions  back  filled 
with  different  materials  is  systematically  investigated 
we  can  not  even  guess  in  advance  the  probable  speed 
of  the  movement  or  the  forces  apt  to  be  exerted  by  the 
advancing  abutments  against  the  bridge  trusses. 

Gradual  outward  movements  are  occasionally  ob- 
served on  sea  walls  back  filled  with  fine,  cohesionless 
sand  and  founded  on  sand  or  on  piles.  These  move- 
ments are  caused  by  factors  not  covered  in  this  paper 
which  deals  exclusively  with  cohesive  soils. 

CONCLUSIONS 

A  digest  of  the  published  data  concerning  friction 
and  cohesion  of  clay  soils  discloses  the  fact  that  the 
angle  of  internal  friction  of  such  soils  is  exceedingly 
small  as  compared  with  the  slopes  of  our  cuts  and  fills. 
(Table  2.)  Hence,  the  stability  of  all  our  clay  fills  and 
clay  cuts  depends  essentially  on  cohesion.  Due  to 
this  fundamental  fact,  the  factor  of  safety  of  slopes 
with  a  given  inclination  rapidly  decreases  beyond  the 
critical  height  at  which  the  soil  can  stand  with  a 
vertical  face.  Hence,  a  stable  fill  of  a  certain  height 
and  consisting  of  a  certain  clay  soil  is  no  indication  of 


stability  in  a  fill  of  twice  that  height,  with  the  same 
slope  and  consisting  of  the  same  material.  In  com- 
puting the  factor  of  safety  of  a  cut  or  fill,  the  curvature 
of  the  sliding  surface  must  be  taken  into  account,  else 
the  results  of  the  computation  may  be  very  misleading. 
The  graphical  procedure  presented  in  tliis  paper  fur- 
nishes the  means  of  making  stability  computations 
within  a  few  hours. 

The  figures  furnished  by  the  computation  of  the  sta- 
bility of  retaining  walls  only  inform  us  about  the 
stability  of  the  walls  with  regard  to  the  forces  produced 
by  the  inert  weight  of  the  back  fill  (active  earth  pres- 
sure). There  exists  the  possibility  of  the  occurrence 
of  forces  which  tend  to  press  the  wall  gradually  out  of 
its  original  position  and  which  are  entirely  independent 
of  the  active  earth  pressure.  No  relation  seems  to 
exist  between  these  forces  and  the  active  earth  pres- 
sure of  the  back  fill.  The  intensity  of  the  active  earth 
pressure  depends  on  the  unit  weight,  the  internal  fric- 
tion, and  the  cohesion  of  the  back  fill,  while  the  forces 
which  tend  to  displace  the  wall  gradually  depend  on 
the  elastic  properties  of  the  back  fill,  its  structure,  and 
on  the  climatic  conditions.  The  current  practice  for 
considering  the  existence  of  these  nongravitational 
forces  consists  in  computing  the  retaining  walls  as  if 
cohesion  were  nonexistent.  Due  to  the  absence  of 
any  causal  relation  between  the  active  earth  pressure 
and  the  nongravitational  forces,  this  practice,  under 
favorable  conditions,  leads  to  structures  with  an  ex- 
cessive factor  of  safety  and  which  are  uneconomical. 
On  the  other  hand,  under  favorable  soil  and  climatic 
conditions  the  walls  are  apt  to  gradually  yield  in  spite 
of  the  apparent  additional  safety  obtained  by  neglect- 
ing cohesion.  In  order  to  reduce  the  uncertainty 
associated  with  the  design  of  retaining  walls  and 
abutments,  a  systematic  investigation  of  existing  re- 
taining walls  and  abutments  seems  highly  desirable. 
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BITUMINOUS   SURFACE   TREATMENT   OF   SAND-CLAY 

AND  TOPSOIL  ROADS 

REPORT  ON  A  COOPERATIVE  STUDY  BY  THE  BUREAU  OF  PUBLIC  ROADS  AND  THE  ASPHALT 

INDUSTRY 


THIS  REPORT  on  the  surface  treatment  of  sand- 
clay  and  topsoil  roads  with  bituminous  materials 
represents  the  first  stage  of  a  general  investigation 
of  low-cost  roads  now  being  conducted  by  the  Bureau 
of  Public  Roads  and  the  asphalt  industry.  This 
general  investigation  includes  a  survey  of  existing  types 
of  low-cost  road  construction,  for  the"  purpose  of  evalu- 
ating work  already  done  and  of  presenting  descriptions 
of  methods  and  materials  which  seem  to  produce  the 
best  results  as  developed  from  a  detailed  study  of 
selected  sections  of  highways  of  each  type. 

This  report  is  issued  for  the  purpose  of  supplying 
immediate  information  resulting  from  project  surveys 
of  bituminous-treated  sand-clay  and  topsoil  roads. 


insure  intimate  admixture  in  proper  proportions  of  the 
sand  and  clay.  Topsoil  is  a  natural  mixture  of  sand, 
including  coarser  mineral  particles,  and  clay  as  found 
in  surface  deposits  and  is  frequently  stripped  from  the 
fields.  For  all  practical  purposes  it  may  be  considered 
as  a  natural  sand-clay  possessing  characteristics  satis- 
factory for  use  without  modification. 

Data  obtained  in  this  survey  is  largely  confirmed  by 
investigations  of  low-cost  improved  roads  by  C.  N. 
Connor  ^  and  studies  of  gravel,  topsoil,  and  sand-clay 
roads  by  C.  M.  Strahan,^  and  others  indicate  that  the 
cost  of  construction  of  sand-clay  and  topsoil  surfaces 
lies  between  $1,300  and  $2,600  per  mile,  varying  largely 
with  length  of  haul,  and  with  a  maintenance  cost  of 


Bituminous  Surface  Treated  Sand-Clay   Road.     Section   1   in   Florida   Between   Pensacola   and 

Tallahassee 

untreated  sand-clay  and  topsoil  roads  limited  in  traffic 
capacity  and  often  high  in  maintenance  cost 


Thousands  of  miles  of  sand-clay  and  topsoil  roads 
have  been  constructed  in  the  southeastern  portion  of 
the  United  States  and  lesser  mileages  in  other  sections. 
The  wearing  course  of  an  untreated  road  consists  of  a 
mixture  of  sand  and  clay  produced  by  transporting 
natural  mixtures  from  near-by  deposits  or  by  incor- 
porating sand  or  clay,  as  the  case  may  require,  with 
the  natural  soil.  The  characteristics  of  a  mixture  of 
sand  and  clay  necessary  to  produce  a  satisfactory  road 
surface  are  well  understood  by  those  experienced  in 
their  construction.  Satisfactory  mixtures  have  been 
found  to  consist  of  from  70  to  85  per  cent  sand,  5  to 
10  per  cent  clay,  and  from  10  to  20  per  cent  silt.  MLx- 
ing  of  materials  on  the  road  is  frequently  required  to 
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between  $300  and  $600  per  year.  When  untreated, 
the  traffic  which  they  can  economically  and  satisfac- 
torily serve  seldom  exceeds  400  vehicles  per  day,  includ- 
ing light  trucks,  Under  such  traffic  the  average  annual 
loss  in  surfacing  inatei'ial  may  lie  between  ji  and  1 
inch.  Under  heavier  traffic  the  loss  may  run  substan- 
tially higher.  Replacement  of  such  material  is  there- 
fore quite  an  item  of  maintenance,  in  some  cases 
amounting  to  as  much  as  $500  per  mile  per  year. 

While  superior  to  the  average  graded  earth  road, 
the  untreated  sand-clay  and  topsoil  road  becomes 
softened  during  prolonged  wet  spells  and  is  very  dusty 

'  Part  2  of  the  Proceedings  of  the  Seventh  Annual  Meeting  of  the  Highway  Research 
Board. 

>  The  results  of  a  study  of  construction  methods  and  service  value  are  contained 
in  A  Study  of  Oravel,  Topsoil  and  Saud-olay  Roads  in  Qeorgia  by  C.  M.  Strahan, 
Public  Roads,  vol.  10,  No.  7. 
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in  dry  weather.  It  is  in  the  best  condition  when  the 
mixture  of  sand  and  clay  contains  sufficient  moisture 
to  prevent  it  from  being  dusty  but  not  sufficient  to 
cause  it  to  soften.  When  in  this  condition  and  laid 
upon  a  satisfactory  subgrade,  its  traffic-cai'rying  capac- 
ity is  excellent.  These  roads  are  usually  made  at  least 
20  feet  wide,  with  a  thickness  of  from  6  to  9  inches  in 
the  center  and  tapering  to  about  4  inches  at  the  side. 
Sometimes  the  feather  edge  method  is  used  and  the 
materials  are  spread  to  cover  practically  the  entire 
width  of  the  roadway.     The  crown  used  varies  from 
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inches  to  the  foot. 


SURFACE    TREATMENTS    SUCCESSFULLY    APPLIED    TO    SAND-CLAY 
AND  TOPSOIL  ROADS 

During  the  past  few  years  there  has  been  considerable 
interest  in  the  improvement  of  sand-clay  and  topsoil 
roads  by  surface  treatment  with  bituminous  materials, 
so  as  to  create  a  better  year-round  wearing  surface 
and  increase  their  traffic-carrying  capacity.  An  ap- 
preciable mileage  of  road  has  already  been  successfully 
surface  treated  with  bituminous  materials  and  results 
have  been  so  promising  and  economical  that  such 
work  is  being  extensively  prosecuted  where  funds  are 
available.  It  is  felt  that  there  are  great  possibilities 
in  surface  treatment  and  it  is  probable  that  further 
study  of  materials  and  methods  will  develop  improve- 
ment so  that  the  average  results  will  be  as  good  or 
better  than  the  best  work  already  done.  Such  study 
should  eliminate  the  chances  of  failure  that  now 
exist  because  of  lack  of  information  regarding  certain 
important  details. 

In  planning  a  general  survey  of  existing  roads  of 
this  type  it  was  decided  to  make  detailed  studies  in 
South  Carolina  and  Florida,  and  representatives  of 
the  Bureau  of  Public  Roads,  the  respective  States 
and  the  asphalt  industry  inspected  several  hundred 
miles  of  road  before  selecting  the  individual  projects 
described  in  this  report. 

Before  bituminous  surface  treatment,  the  existing 
sand-cla}^  or  topsoil  surface  generally  requires  careful 
preparation,  which  consists  of  shaping  and  compaction 
where  necessary  to  produce  a  true,  well-bonded  surface. 
A  thin  stabilizing  layer  of  fine  pea  gravel  is  sometimes 
worked  into  the  surface  during  such  preparation. 
The  treatment  itself  consists  of  the  following  steps: 

1.  Thorough  sweeping  to  remove  all  loose  particles 
and  dust,  in  so  far  as  possible,  without  disturbing  the 
bonded  surface. 

2.  Application  of  a  prime  coat  of  tar  or  asphaltic 
oil  of  sufficiently  low  viscosity  to  penetrate  the  upper 
portion  of  the  sand-clay  surface  to  which  later  appli- 
cation of  a  highly  cementitious  asphaltic  product  will 
adhere. 

3.  Application  of  an  asphaltic  product  of  relatively 
high  viscosity  in  sufficient  amount  to  retain  the  later 
application  of  faii'ly  coarse  mineral  aggregate. 

4.  Application  of  mineral  aggregate  cover,  consisting 
of  broken  stone  or  slag  passing  a  1-mch  screen  which, 
after  brooming  and  rolling,  combines  with  the  second 
application  of  bituminous  material  to  produce  a  thin 
wearing  course  knitted  to  and  overlying  the  sand-clay 
or  topsoil  surface,  which  thereafter  serves  as  base. 

5.  Frequently  a  light  application  of  cut-back  asphalt 
is  applied  and  covered  with  fine  mineral  aggregate  to 
throughly  seal  the  surface,  if  after  a  few  months  traffic 
the  bituminous  mat  previously  constructed  does  not 
produce  the  desired  degree  of  waterproofing. 


PROJECTS  SELECTED  FOR  DETAILED  STUDY  DESCRIBED 

Five  typical  sections  of  highway  were  selected  for 
detailed  study,  three  in  Florida  and  two  in  South 
Carolina.  These  sections,  which  will  hereafter  be 
referred  to  by  number,  are  located  as  follows: 

Section  1. — Florida  State  Road  No.  1,  in  Santa  Rosa 
County,  extending  northeast  from  Escambia  Bay  a  dis- 
tance of  3.177  miles  and  thence  eastward  for  1.991 
miles;  a  total  of  5.168  miles.  This  section  covered 
Federal-aid  project  No.  38  and  an  extension  of  State- 
aid  project  No.  585. 

Section  2. — Florida  State  Road  No.  1,  in  Santa  Rosa 
County,  extending  eastward  from  the  end  of  section  1 
for  a  distance  of  4.299  miles  and  thence  northeast  to 
Pond  Creek  Bridge,  a  distance  of  0.681  mile;  a  total  of 
4. 980  miles.  This  section  includes  State-aid  project 
No.  585. 

'Section  3. — Florida  State  Road  No.  1,  in  Walton 
County,  extending  almost  due  east  from  the  Okaloosa 
County  line  to  Bear  Head;  a  distance  of  11.297  miles. 
This  section  is  known  as  State-aid  project  No.  567. 

Section  4- — South  Carolina  State  route  No.  29,  in 
Anderson  and  Greenville  Counties,  beginning  at  the 
end  of  the  pavement  at  Anderson,  and  extending  28.526 
miles  in  a  northeasterly  direction  to  the  end  of  the 
pavement  at  Greenville.  This  section  includes  the 
Anderson  County  section,  20.343  miles;  Federal-aid 
project  No.  138,  3.28  miles;  Federal-aid  project  No. 
231,  0.776  miles;  Federal-aid  project  No.  183,  3.84 
miles;  and  Greenville  city  section,  0.287  mile. 

Section  5. — South  Carolina  State  route  No.  3,  in 
Florence  County.  This  section  begins  due  east  of  the 
west  city  limits  of  Timmonsville  and  extends  in  a  north- 
easterly direction  for  a  distance  of  1.894  miles  through 
the  town  of  Timmonsville  to  the  intersection  of  the 
paved  road  to  Florence. 

Details  relative  to  subgrade  and  drainage  conditions 
for  each  section  as  determined  by  observation  and 
history  records  of  the  State  highway  departments  are 
given  below.  Analysis  of  samples  of  subgrade  taken 
during  the  detailed  study  are  discussed  in  Appendix  1. 

Section  1. — The  first  3.177  miles  of  this  section,  be- 
ginning at  Escambia  Bay  Bridge,  consists  of  a  10-foot 
fill  made  partly  with  a  dark  sandy  loam  and  partly  with 
a  nat\u"al  sand-clay  brought  in  by  an  industrial  railwa3^ 
The  remaining  1.99  miles  consists  of  the  natural  soil, 
which  is  a  dark  sandy  loam  with  no  free  clay  present. 
The  topography  is  fairly  flat,  but  natural  conditions 
together  with  the  artificial  ditching  create  good  drain- 
age and  but  two  culverts  were  required.  Some  eight 
overflow  bridges  were  constructed  on  the  flU  section. 
A  30-foot  graded  roadway  was  completed  in  June,  1926, 
and  was  covered  with  the  sand-clay  within  a  period  of 
30  days. 

Section  2. — The  subgrade  of  the  entire  section  is  a 
dark  sandy  loam,  with  no  clay  strata  apparent.  The 
natural  drainage  is  excellent  and  little  artificial  drain- 
age other  than  ditching  and  the  construction  of  a  few 
culverts  has  been  required.  Grading  involved  one 
14-foot  cut  and  one  10-foot  fill.  The  width  of  the 
roadway  is  30  feet.  The  grade  was  completed  in 
April,  1927,  and  maintained  for  approximately  one 
year  before  placing  the  sand-clay  surface. 

Section  3. — This  entire  section  has  an  excellent 
natural  subgrade,  consisting  of  a  dark  sandy  loam  with 
no  clay  strata  in  evidence.  Grading  varied  from  cuts 
2  feet  in  depth  to  one  20-foot  fill.     Natural  drainage  is 


January,  1930. 


PUBLIC    ROADS 


195 


good  and  no  artificial  drainage  was  provided,  with  the 
exception  of  ditching  and  the  construction  of  a  few 
culverts.  About  4  inches  of  sand-clay  had  originally 
been  laid  in  1925  and  this  old  sand-clay  road  therefore 
made  up  a  portion  of  the  new  subgrade.  The  graded 
roadway,  30  feet  in  width,  was  completed  in  January, 
1927,  and  the  sand-clay  wearing  course  was  completed 
in  March  of  the  same  year. 

Section  4. — The  subgrade  of  the  first  20.343  miles, 
namely,  the  Anderson  County  section,  consists  of  a 
natural  sandy  clay  soil.  The  soil  on  the  remaining 
sections  consists  of  a  stony  sand-clay  in  which  there  is  a 
considerable  amount  of  disintegrated  granite  and  mica 
in  places  and  which  becomes  cjuite  slippery  when  wet. 
The  grading  on  the  Anderson  County  section  and  the 
Federal-aid  project  No.  138  was  completed  in  1922, 
while  Federal-aid  project  No.  183  and  the  Greenville 
city  section  were  graded  in  1923.  Topsoil  surfacing 
was    placed    immediately    after    consolidation    of    the 


SAND-CLAY   AND   TOPSOIL   BASE   OF   PROJECTS  STUDIED   CON- 
STRUCTED BY  METHODS  IN  COMMON   USE 

Neither  Florida  nor  South  Carolina  specify  the 
characteristics  of  sand-clay  or  topsoil  material  in  detail, 
but  require  that  the  niaterial  must  be  obtained  from 
sources  of  supply  approved  by  the  engineer.  Analyses 
of  samples  of  sand-clay  and  topsoil  mixtures  taken  from 
tlie  various  sections  are  discussed  in  Appendix  1. 

The  method  of  construction  requires  the  application 
of  surfacing  material  upon  the  prepared  subgrade  in 
sufficient  quantity  so  that  after  compaction  it  will  have 
the  specified  thickness.  For  natural  sand-clay  mix- 
tures South  Carolina  requires  that  the  material  depos- 
ited each  day  shall,  on  that  day,  be  twice  plowed  and 
harrowed,  except  when  in  the  judgment  of  the  engineer 
the  material  is  too  dry  or  too  wet  to  be  plowed  and 
harrowed  properly.  Florida  does  not  specify  plow- 
ing unless  the  material  sets  up  to  produce  a  rough 
surface   but  requires  harrowing  with   either  a  spike- 


Preparing  a  Sand-Clay  Road  for  Surface  Treatment 


grade.  On  Federal-aid  project  No.  231  which  extends 
across  the  Saluda  River  Bridge,  the  topsoil  construction 
consisted  merely  of  approaches  to  the  bridge.  These 
approaches  were  graded  in  September,  1925,  about  a 
month  before  the  topsoil  surface  was  laid.  Throughout 
the  entire  stretch  good  natural  drainage  conditions 
exist  and  it  was  found  necessary  to  construct  only 
ditches  and  culverts  as  required.  The  width  of  road 
bed  varied  from  26  to  28  feet. 

Section  5. — This  section  is  a  relocation  of  an  older 
road  constructed  through  a  natural  fine  sandy  loam  over 
a  flat,  poorly  drained  area.  The  only  artificial  drainage 
consists  of  ditches,  which  within  the  city  of  Timmons- 
ville  are  not  entirely  satisfactory.  The  roadbed  was 
completed  in  September,  1926,  about  six  months  prior 
to  laying  the  sand-clay  surface  and  is  28  feet  wide. 
The  original  road,  which  had  an  old  cinder  surface,  was 
covered  in  some  places  to  a  depth  of  about  18  inches. 
Prior  to  laying  the  sand-clay  surface,  the  grade  was 
maintained  under  traffic. 


toothed  or  disk  harrow.  Both  States  require  shaping 
with  a  road  machine  during  consolidation  under  traffic 
and  the  use  of  a  drag  to  finally  smooth  the  surface. 
Sand-clay  readily  lends  itself  to  the  production  of  an 
almost  perfect  riding  surface.  It  follows,  therefore, 
that  the  riding  qualities  of  the  finished  road  depend 
upon  the  care  with  which  the  base  is  constructed. 

Where  artificial  mixtures  are  made  by  adding  clay 
to  a  sand  surface  or  vice  versa  the  mixing  is  done  by 
plowing  and  harrowing  until  a  uniform  mixture  is 
produced.  The  surface  is  further  mixed  and  shaped 
with  a  road  machine  and  is  usually  finished  off  with  a 
drag.  No  roller  is  used  during  construction,  as  traffic 
is  depended  upon  for  compaction.  During  compaction 
the  mixture  must  be  bladed  and  dragged  as  reciuired 
to  produce  a  uniformly  smooth  cross  section. 

Maintenance  consists  in  reblading  and  shaping  the 
road  during  its  life,  adding  new  material  where  neces- 
sary, and  keeping  the  ditches  and  culverts  open.  De- 
tailed information  in  connection  with  construction  of 
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the  individual  sections  obtainable  from  the  service 
history  prior  to  surface  treatment  is  as  follows: 
y  Section  1. — Sand-clay  road;  width,  18  feet;  4}2  inches 
compacted  depth,  uniform  cross  section;  no  side  sup- 
port other  than  subgrade  shoulders;  completed  July, 
1926,  and  maintained  for  a  period  of  approximately 
seven  months  before  surface  treatment,  during  which 
time  it  was  subjected  to  a  traffic  of  960  vehicles  per  day. 
Section 2. — Sand-clay  road;  width,  20  feet;  compacted 
depth  at  center,  approximately  8  inches  and  6  inches 
at  sides;  laminated  red  cypress  planks  3  by  8  inches 
used  as  permanent  curbs,  at  cost  of  $950  per  mile  in- 
stalled; road  maintained  for  approximately  four  months 
by  blading,  during  which  time  it  was  subjected  to  a 
traffic  of  1,030  vehicles  per  day. 


Surface  Treated  Sand-Clay  Road  With  Cypress  Curbs 
AND  Wide  Sloping  Shoulders  on  Section  1  in  Florida 

Section  3. — Sand-clay  road;  width,  20  feet;  average 
compacted  depth,  5  to  5}2  inches.  No  side  support 
other  than  subgrade  shoulders;  maintained  by  blading 
for  a  period  of  approximately  two  months,  during  which 
time  the  road  was  subjected  to  a  traffic  of  about  1,000 
vehicles  per  day. 

Section  4. — Topsoil  road;  width,  20  feet;  depth, 
5  to  6  inches  compacted;  no  side  supports  other  than 
subgrade  shoulders;  constructed  in  1922  and  1923  and 
maintained  under  traffic  without  reconstruction;  July, 
1925,  to  May,  1926,  additional  topsoil  surfacing  added 
preparatory  to  surface  treatment,  cost  of  maintenance 
of  preparation  for  surface  treatment  being  $26.72  per 
mile  per  month.  During  this  period  it  was  subjected 
to  a  traffic  of  630  vetiicles  per  day. 

Section  5. — Sand-clay  road;  width,  20  feet;  com- 
pacted depth,  10  inches  at  center,  4  inches  at  sides;  no 
side  supports  other  than  natural  subgrade  shoulders; 
maintained  by  blading  for  a  period  of  nine  months  prior 
to  surface  treatment  at  a  cost  of  $25  per  mile  per 
month,  during  which  period  it  was  subjected  to  a 
traffic  of  1,170  vehicles  per  day. 

BITUMINOUS  SURFACE  TREATMENT  APPLIED  BV    DIFFERENT 
METHODS 

In  all  cases  bituminous  materials  were  applied  with 
pressure  distributors,  material  used  for  Lhe  prime  coat 
being  slightly  warmed  before  application  and  the 
heavier  products  for  second  application  being  heated 
to  temperatures  of  from  250°  to  300°  F.  All  bitumi- 
nous materials  were  furnished  under  the  respective 
State  highway  specifications  but  analyses  or  samples  for 
analysis  were  seldom  found  to  be  available.  In  most 
cases  duplicates  of  these  materials  have  been  prepared 


by  the  respective  producers,  and  the  analyses  of  such 
materials,  together  with  the  specification  requirements 
under  which  they  were  furnished,  are  shown  in  tabular 
form  in  Appendix  II.  Characteristics  of  the  bituminous 
mats  or  surfaces  at  the  time  of  inspection  are  shown  in 
Appendix  III.  Details  of  the  surface  treatment  of  the 
various  sections  are  described  as  follows: 

Section  1 . — During  maintenance  of  the  sand-clay  base 
a  stabilizing  course  of  fine  washed  pea  gravel,  passing 
a  %-inch  screen  and  containing  about  40  per  cent  of 
material  retained  on  a  }4-inch  screen,  was  applied  over 
the  18-foot  width  at  a  rate  of  about  100  tons  per  mile. 
The  cost  of  the  pea  gravel  was  50  cents  per  ton  at  the 
pit,  plus  80  cents  freight,  and  it  was  hauled  and  spread 
for  $2  per  ton,  making  a  total  cost  of  $330  per  mile  plus 
the  cost  of  dragging  and  blading  over  a  period  of  four 
to  six  weeks  before  the  bituminous  priming  material 
was  applied.  Just  prior  to  application  of  the  bituminous 
priming  material  the  road  was  swept  with  a  mechanical 
sweeper  and  all  loose  material  on  the  surface  pushed 
to  one  side.  Priming  material  consisted  of  a  light  tar 
product  meeting  the  State  highway  specification  TC-1, 
and  was  applied  at  the  rate  of  0.25  gallon  per  square 
yard.  Application  was  made  on  half  the  width  of  the 
road  at  one  time,  the  other  half  being  kept  open  to 
traffic.  It  was  allowed  to  penetrate  for  two  to  four 
hours,  after  which  it  was  covered  with  a  thin  laj^er  of 
the  sweepings  previously  removed.  Immediately  after 
covering,  traffic  was  allowed  over  the  treated  surface. 
After  the  priming  treatment  had  been  down  from  48 
hours  to  a  period  of  approximately  3  months,  depend- 
ing somewhat  on  weather  conditions  and  the  delivery 
of  heavy  asphaltic  material,  all  hard  scabs  were  scraped 
off  and  such  potholes  as  had  developed  were  repaired. 
The  surface  was  then  swept  clean  of  all  debris  and  loose 
material.  Ruts  were  repaired  with  broken  slag  passing 
a  1-inch  screen  and  treated  with  the  same  bituminous 
material  later  used  for  second  application. 

A  fluid  asphaltic  product  or  road  oil  meeting  the  State 
specification  OH-1  modified  was  then  applied  at  the  rate 
of  0.4  gallon  per  square  yard  and  immediately  covered 
with  broken  slag  passing  a  1-inch  screen  and  retained  on 
a  20-mesh  sieve,  from  25  to  75  per  cent  passing  a  )^-inch 
screen.  The  slag  was  distributed  from  piles  containing  1 
cubic  yard  previously  placed  at  regular  intervals  along  the 
side  of  the  road.  The  rate  of  application  was  40  pounds 
per  square  yard.  Half  of  the  road  width  was  treated  at 
one  time,  as  in  the  case  of  application  of  priming  mate- 
rial. The  slag  was  evened  out  with  a  patrol  grader  or 
with  hand  brooms,  leaving  a  6-inch  lap  uncovered  at  the 
center  of  the  road  on  the  first  half  treated  in  order  to 
care  for  overlapping  of  the  bituminous  material  upon  the 
treatment  of  the  other  half  of  the  road.  Immediately 
after  spreading  the  slag,  the  road  was  rolled  contin- 
uously with  a  10-ton  3-wheel  roller  until  a  uniformly 
closed  surface  was  obtained,  and  traffic  was  not  allowed 
to  pass  over  the  treated  surface  until  it  had  been  thor- 
oughly rolled.  The  cost  of  surface  treatment,  which 
was  completed  in  April,  1927,  was  $2,560  per  mile;  in- 
cluding the  stabilizing  course  of  pea  gravel. 

Prior  to  inspection  25  months  after  completion,  this 
surface  had  been  carrying  an  average  daily  traffic  of 
990  vehicles.  The  cost  of  maintenance  during  1927, 
the  first  year,  was  reported  to  be  $67.92  per  mile  per 
month,  but  as  this  figure  is  the  average  of  the  cost  of 
maintaining  both  the  surface-treated  section  and  an 
adjacent  untreated  section  6  miles  in  length  it  is  prob- 
ably too  high. 


January,  1930. 


PUBLIC    ROADS 


197 


Steps  in  Peeparing  a  Sand-Clay  Surface  for  Surface  Treatment.     Note  the  V-Formatio.\  of  Sweepers 


Cost  of  maintenance  during  the  second  year  for  the  sur- 
face-treated road  was  $12  per  mile  per  month  and  for  the 
first  three  months  of  1929  only  $1 .78  per  mile  per  month. 

Section  2. — The  surface  treatment  of  this  section  was 
quite  similar  to  that  described  for  section  1,  and  in- 
cluded the  application  of  a  stabilizing  layer  of  pea 
gravel.  Priming  material  consisted  of  a  light  tar  prod- 
uct meeting  the  State  highway  specification  TC-2  and 
was  applied  at  the  rate  of  0.3  gallon  per  square  yard. 
Asphaltic  material  furnished  under  specification  OH-1 
modified  was  applied  at  the  rate  of  0.5  gallon  per  square 
yard,  covered  with  broken  slag  as  described  under 
section  1,  and  rolled  with  a  5-ton  roller. 

The  road  was  completed  in  December,  1928,  four 
months  previous  to  inspection.  The  cost  of  the  surface 
treatment  only  was  $1,524.94  per  mile.  Surface  main- 
tenance up  to  the  date  of  inspection  cost  approximately 
$2  per  mile  per  month.  Daily  traffic  on  this  section 
averages  1,140  vehicles  per  day. 

Section  S. — The  stabilizing  layer  of  pea  gravel  as 
described  for  sections  1  and  2  was  omitted  on  this  sec- 
tion.    The  road  was  thoroughly  swept  before  applying 


the  priming  material,  which  for  a  distance  of  approxi- 
mately 6  miles,  beginning  at  the  Okaloosa  County  line, 
consisted  of  an  asphaltic  oil  meeting  State  highway 
specification  OC-2.  The  remaining  5  miles  was  primed 
with  a  tar  product  meeting  specification  TC-1 .  Both 
priming  materials  were  applied  at  the  rate  of  0.25 
gallon  per  square  yard,  covered  with  sand,  and  allowed 
to  cure  under  traffic  for  a  pei'iod  of  six  to  eight  days, 
after  which  the  sand  was  swept  oft"  and  a  heavy  asphal- 
tic material  meeting  specification  01 1-1  modified  was 
applied  at  the  rate  of  0.4  gallon  per  square  yard.  This 
was  immediately  covered  with  crushed  slag  of  the  same 
character  and  in  the  same  quantity  described  for  the 
preceding  sections,  and  thoroughly  rolled. 

The  total  cost  of  surface  treatment,  which  was  com- 
pleted in  May,  1927,  was  $1,831.34  per  mile.  Prior  to 
inspection  two  years  after  completion,  this  surface  had 
been  carrying  an  average  daily  traffic  of  990  vehicles. 
The  cost  of  mahitenance  of  the  surface  only  during  1927 
was  $60.13  per  mile  per  month  and  during  1928,  $16.66 
per  mile  per  month.  For  the  first  two  months  of  1929 
the  maintenance  cost  was  $2  per  mile  per  month. 
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Section  4- — The  surface  treatment  of  this  topsoil  sec- 
tion did  not  involve  the  use  of  a  stabihzer  course  as  did 
Florida  sections  1  and  2.  The  reshaped  topsoil  surface, 
which  had  been  allowed  to  compact  under  traffic  for  a 
period  of  30  to  90  days,  was  swept  with  a  rotary  power 
broom  in  conjunction  with  hand  brooms  to  remove  all 
loose  material.  Tar  priming  material  meeting  State 
specifirntion   TC-1,   grade   1,   was   then   applied   at   a 


if/ 

Surface  Tre.\tment  on  ISection  3   (Florida  Route  1) 

temperature  of  125°  to  150°  F.  at  the  rate  of  0.26  gallon 
per  square  yard,  except  between  stations  159  +  91  and 
161+41  of  Federal-aid  project  138  and  stations  30  +  62 
and  1 6  + 1 2  of  Federal-aid  project  231 ,  where  no  priming 
was  used  on  account  of  shortage  of  material.  Traffic 
was  not  allowed  over  the  priming  treatment  which 
after  a  period  of  not  less  than  24  hours  was  covered 
directly  with  heavy  asphaltic  material  applied  at  300° 
F.  at  the  rate  of  0.38  gallon  per  square  yard.  Over 
approximately  one-sixth  of  this  area  material  meeting 
State  specification  OH-1  was  used  and  on  the  re- 
mainder a  heavier  product  of  150  to  200  penetration, 
which  was  a  soft  grade  of  asphalt  cement. 

Immediately  after  application  of  the  asphaltic  prod- 
ucts, crushed  granite  from  Iji  inches  to  K  inch  was 
spread  at  the  rate  of  about  54  pounds  per  square  yard 
and  rolled  longitudinally  with  a  5-ton  3-wheel  roller, 
and  then  opened  to  traffic.  The  cost  of  this  treatment, 
which  was  completed  during  July,  1926,  was  $2,324  per 
mile. 

In  conformity  with  regular  practice  in  South  Caro- 
lina, a  seal  coat  was  applied  before  the  first  winter. 
This  section  was  treated  with  cold  application  asphaltic 
road  oil,  most  of  which  was  furnished  under  State 
specification  LA  No.  5,  but  a  portion  was  according  to 
specification  OC-2.  These  materials  were  applied  at 
the  rate  of  0.22  gallon  per  square  yard  and  covered  wdth 
local  sand  applied  at  the  rate  of  about  20  pounds  per 
square  yard.  The  cost  of  this  seal  coat  was  $526  per 
mile. 

During  a  period  of  two  years  the  seal  coat  bled  in 
warm  weather  and  required  the  application  of  10  pounds 
of  sand  per  square  yard.  This  produced  a  rather  thick 
seal  mat,  which  scaled  in  places  and  was  slippery  and 
dangerous  in  wet  weather.  To  eliminate  this  unsatis- 
factory condition,  the  road  was  treated  in  December, 
1928,  with  quick-drying  cut-back  asphalt  applied  cold 


at  the  rate  of  0.26  gallon  per  square  yard  and  covered 
with  limestone  chats  approximately  three-eighths  inch 
in  dianieter  at  the  rate  of  26  pounds  per  square  yard. 
Rolling  with  a  5-ton  roUer  completed  this  treatment. 
Part  of  the  cut-back  asphalt  contained  a  150  to  180 
penetration  base,  and  part  an  85  to  100  penetration 
base,  meeting  State  specification  AC-2L  and  AC-2, 
respectively.  The  cost  of  this  treatment  was  $878  per 
mile.  It  produced  a  much  more  satisfactory  surface 
and  eliminated  all  slipperiness. 

Exclusive  of  the  last  surface  treatment,  which  was 
not  adopted  as  a  maintenance  method,  the  cost  during 
1927,  which  included  maintenance  of  surface,  shoulders, 
and  ditches,  ranged  from  $30  to  $34.66  per  mile  per 
month,  and  for  1928  was  $20.12  per  mile  per  month. 
The  average  daily  traffic  carried  by  this  highway  is  800 
vehicles. 

Section  5. — The  surface  treatment  of  this  section  con- 
sisted in  preparation  of  the  sand-clay  surface  and  appli- 
cation of  0.3  gallon  per  square  yard  of  priming  material 
as  described  for  section  4.  Owing  to  rainy  weather 
about  one  week  elapsed  between  application  of  the 
priming  coat  and  the  heavy  asphaltic  material,  during 
which  period  traffic  was  not  permitted  to  use  the  road. 
The  asphaltic  product  was  an  asphalt  cement  of  150 
to  200  penetration.  It  was  applied  at  the  rate  of  0.4 
gallon  per  square  yard  and  immediately  covered  with 
50  pounds  per  square  yard  of  the  crushed  granite  and 
was  rolled  with  a  4-ton  3-wheel  roller.  This  treatment 
was  completed  in  February,  1928,  at  a  cost  of  $2,628 
per  mile. 

A  seal  coat  was  applied  dui'ing  August,  1928,  con- 
sisting of  cut-back  asphalt  meeting  specification  AC-2 
and  applied  at  the  rate  of  0.26  gallon  per  square  yard 
and  covered  with  %-inch  to  K-inch  crushed  granite 
at  the  rate  of  25  pounds  per  square  yard  and  rolled. 
The  cost  of  the  seal  coat  was  $600  per  mile  and  the  cost 
of  maintenance  during  1928  including  shoulder  mainte- 
nance was  $12.50  per  mile  per  month.  This  highway 
carries  an  average  traffic  of  1,220  vehicles  per  day. 


Shoulder    Material    Bladed    Over    Weak    Pavement 
Edge  in  South  Carolina 

character  of  base  an  important  element  in  surface 
treatment 

All  of  the  sections  subjected  to  detailed  study  were 
in  good  condition  when  inspected  in  May,  1929,  and 
differed  but  little  in  their  generally  excellent  riding 
qualities.  Variations  in  materials  and  methods  which 
have  been  described  were  not  indicated  by  the  relative 
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results  produced,  and  the  experience  of  the  respective 
maintenance  engineers  coupled  with  deductions  drawn 
from  the  general  survey  have  been  taken  into  account 
in  the  following  comments. 

It  is  evident  that  the  bearing  power  of  the  subgrade 
is  a  most  imjjortant  consideration  in  this  type  of  work 
as  the  sand-clay  or  topsoil  itself  is  never  satisfactory 
unless  well  and  uniformly  supported.  In  fact  the 
traffic-carrying  capacity  of  the  surface  treatment  is 
entirely  dependent  upon  the  adequacy  of  support  pro- 
vided by  the  sand-clay  or  topsoil  base.  It  was  noted 
that  a  large  proportion  of  the  maintenance  of  the  sur- 
face treatments  consisted  of  repairing  failures  in  cer- 
tain areas,  caused  by  insufficient  support  afi'orded  by 
the  underlying  subgrade  or  base.  In  the  more  recent 
work,  maintenance  has  been  materially  reduced  by 
more  careful  attention  to  providing  uniform  support, 
particularly  along  the  edges,  which  in  earlier  work 
failed  to  a  considerable  extent  due  to  the  tendency 
toward  thinning  or  feather  edging  the  original  con- 
struction. Several  methods  of  preventing  or  reducing 
edge  failures  are  now  being  satisfactorily  used,  often 
in  combination:  1.  Constructing  a  base  which  is  wider 
than  the  area  to  be  surface  treated.  2.  Installing  plank 
curbs  to  provide  lateral  support  for  the  base.  3. 
Thickening  the  base  at  the  edges. 

Where  a  surface-treated  road  has  a  feather  edge,  or 
if  for  any  other  reason  the  edge  is  weak,  traffic  should 
be  induced  to  use  the  center  of  the  road  in  preference 
to  the  edges.  Under  such  conditions,  it  is  the  practice 
of  South  Carolina  to  blade  in  shoulder  material  over 
the  weakened  edge,  as  shown  in  the  illustration  on 
page  198. 

A  good  measure  of  the  sufficiency  of  the  supporting 
value  of  the  sand-clay  or  topsoil  road  is  its  behavior 
under  traffic  before  surface  treatment  and  it  is  advisable 
to  delay  surface  treatment  for  a  sufficient  length  of 
time  after  construction  or  reshaping  of  base  to  develop 
and  correct  all  weak  areas.  Thorough  admixture  of 
the  sand  and  clay  constituents  of  the  base  in  proper 
proportions  is  essential  to  uniform  supporting  power, 
and  this  detail  should  receive  especial  attention  during 
construction. 

It  is  frequently  impracticable  to  specify  in  advance 
the  exact  composition  of  the  sand,  clay,  or  topsoil  to  be 
used  on  any  given  job,  but  as  previously  indicated 
preference  should  be  given  to  mixtures  which  fall  within 
the  following  limits: 

Mechanical  analysis 

Clay 5  to  10  per  cent. 

Silt 10  to  20  per  cent. 

Sand 70  to  85  per  cent. 

The  sand  should  have  45  to  60  per  cent  retained  on  a 
60-mesh  sieve.  Its  uniformity  coefficient  should  be 
above  15  with  an  efl'ective  size  approximating  0.01 
millimeter. 

Mixtures  falling  within  the  above  limits  are  fre- 
quently found  in  nature  and  have  been  used  in  many 
of  our  best  roads.  Modifications  of  the  above  limits 
have  been  found  to  be  useful  and  are  extensively  used 
in  road  construction.  Further  description  and  classi- 
fication is  to  be  found  in  Appendix  I. 

Laboratory  tests  on  available  local  material  serve  as 
a  useful  guide  in  original  selection  and  in  the  correction 
of  mixtures  which  have  proven  faulty.  Preference 
should  be  given  to  materials  having  some  pebbles 
retained  on  the  10-mesh  sieve  and  passing  a  1-inch 
screen. 
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Cross   Section   of   Surface   Treated   Sand-Clay    Road 
(Result  of  Washout)  Showing  Subsoil  and  Wooden 
Curbs.     Section  1  in  Florida 

Careful  preparation  of  the  sand-clay  or  topsoil  is 
essential  to  the  construction  of  a  satisfactory  surface 
treatment  wearing  course.  Any  defects  or  irregularities 
in  the  surface  of  the  base  will  be  reflected  in  the  surface 
treatment  and  later  correction  will  be  more  difficult 
and  expensive.  The  untreated  base  should  have  the 
desired  smoothness  and  shape  of  the  finished  road  and 
should  be  thoroughly  compacted  and  well  bonded.  To 
obtain  these  conditions  it  is  usually  necessary  to  do  a 
considerable  amount  of  machine  work  shortly  before 
surface  treatment  which  may  consist  of  scarifying,  har- 
rowing, blading,  and  dragging.  During  dry  weather  it 
may  be  necessary  to  sprinkle  tlie  road  with  water  during 
these  processes.  Compaction  of  this  type  of  road  is 
effected  by  traffic  and  some  regulating  measure  for 
causing  traffic  to  distribute  itself  uniformly  over  the 
road  surface  is  advisable.  This  may  be  accomplished 
by  placing  obstacles  at  suitable  intervals  to  force 
traffic  over  desired  lanes  and  varying  these  lanes  as 
seems  advisable. 


Freshly  Bladed  Gravel  Stabilizer  on  Sand-Clay  Base. 
Section  1  in  Florida 

EXPERIENCE   SHOWS   FACTORS   WHICH    ARE   OF   IMPORTANCE  IN 
APPLYING  BITUMINOUS  MATERIALS 

When  the  sand-clay  or  topsoil  material  is  deficient 
in  relatively  coarse  particles  it  has  proven  advisable  to 
incorporate  a  thin  course  of  pea  gravel  or  similar  ma- 
terial in  the  surface  before  final  compaction,  as  a  stabi- 
lizing measure  in  preparing  the  base  for  application  of 
the  bituminous  materials. 
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Before  applying  the  bituminous  priming  material  it 
is  most  important  to  thoroughly  sweep  the  base  so  as 
to  obtain  a  clean,  well-bonded  surface  which  will  be 
readily  penetrated  by  the  primer,  and  further  stabilized. 
If  the  dust  is  not  removed  it  may  prevent  the  primer 
from  properly  penetrating  the  base  and  thus  produce 
an  unstable  mat  composed  of  the  primer  and  the  dust. 

The  purpose  of  the  priming  treatment  is  to  harden  and 
moisture  proof  the  upper  portion  of  the  base  and  pro- 
duce a  surface  to  which  the  heavier  nonpenetrating 
bituminous  material  which  is  later  applied  will  adhere. 
The  primer  should  therefore  be  a  product  of  sufficiently 
low  viscosity  to  be  readily  absorbed  by  the  sand-clay 
or  topsoil  surface  and  not  dry  or  harden  so  rapidly  as 
to  produce  a  bituminous  mat  before  it  has  had  an 
opportunity  to  penetrate.  Light  tars  of  8  to  13  spe- 
cific viscosity  at  104°  F.  have  been  most  extensively 
used  as  a  primer  and  have  in  general  been  found  to 
penetrate  and  harden  more  rapidly  than  the  asphaltic 
products  so  far  used.  There  appears  to  be  no  reason, 
however,  why  an  entirely  satisfactory  asphaltic  product 
can  not  be  developed  for  general  use  which  will  have 
the  desired  viscosity,  penetrating  and  drying  qualities, 
and  such  a  product,  refined  from  cracking  coil  residues 
or  produced  from  an  asphalt  cement  cut  back  with  a 
light,  but  not  too  volatile  distillate  of  the  kerosene 
type,  is  to  be  looked  for  in  the  near  future. 


Applying  the  Prime  Coat  Immediately  After  Cleaning 

The  proper  amount  of  primer  to  be  applied  is  de- 
pendent upon  the  extent  to  which  it  will  be  readily 
absorbed  within  24  hours  by  the  surface  which  is  treated 
and  it  is  not  advantageous  to  apply  an  amount  which 
will  require  a  mineral  cover  before  application  of  the 
heavier  bituminous  material.  For  the  usual  surface 
condition  of  this  type  of  road  the  quantity  required 
may  vary  between  0.2  and  0.35  gallon  per  square  yard. 

The  next  step  in  the  construction  of  the  surface 
treatment  wearing  course  is  application  of  the  heavy 
asphaltic  material,  the  function  of  which  is  to  combine 
with  the  mineral  aggregate  cover  to  produce  a  thin 
well-bonded  bituminous  mat  which  will  adhere  to  the 
primed  base,  protect  it  from  the  wear  of  traffic,  and  as 
a  waterproofing  agent  prevent  the  unsatisfactory  con- 
ditions produced  in  the  untreated  sand  clay  or  topsoil 
by  extremely  wet  or  prolonged  dry  spells  of  weather. 

To  accomplish  these  results  it  is  evident  that  the 
asphaltic  product  should  possess  as  much  body  and 
adhesiveness  as  possible.  The  use  of  a  suitable  primer 
makes  it  practicable  to  utilize  a  soft  asphalt  cement 
for  this  purpose  while  without  primer  a  much  more 


Crushed  Slag  Cover  on  Surface  Treatment  Im- 
mediately After  Application  and  After  Being 
Subjected  to  Traffic 

fluid  product  would  be  required  to  obtain  any  degree 
of  adherence  to  the  untreated  surface.  While  very 
viscous  fluid  asphaltic  oils  have  been  used  with  success 
for  second  application,  there  is  every  reason  to  prefer 
the  soft  asphalt  cement  of  between  100  and  300  pene- 
tration, from  the  standpoint  of  both  durability  and 
stability  or  resistance  to  shoving  of  the  mat. 

The  principal  limiting  factor  with  regard  to  the  use 
of  the  harder  grades  of  asphalt  is  difficulty  in  obtaining 
retention  of  the  aggregate  cover  if  application  is  made 
in  relatively  cold  weather.  Between  the  limits  stated, 
the  cooler  the  weather  the  softer  should  be  the  asphalt 
cement.  On  the  other  hand,  the  warmer  the  weather 
and  the  heavier  the  traffic  the  harder  should  be  the 
asphalt  cement.  Tars  have  been  used  to  some  extent 
for  second  applications  but  in  general  have  been  found 
to  harden  and  wear  away  more  rapidly  than  the 
asphaltic  products. 

The  quantity  of  heavy  asphaltic  product  required  to 
produce  the  wearing  mat  wifl  range  from  0.3  to  0.5 
gallon  per  square  yard  depending  upon  the  surface 
texture  of  the  primed  base  and  the  size  of  mineral 
aggregate  used  for  cover.  The  temperature  of  the 
material  when  applied  should  be  sufficient  to  insure  the 
distribution  of  a  continuous  fluid  sheet  over  the  surface, 
and  wifl  usually  lie  between  250°  and  325°  F.  It  is 
most  important  that  the  applied  material  be  so  dis- 
tributed as  to  produce  a  uniform  unbroken  bituminous 
film.  Failure  to  secure  such  uniformity  has  been 
responsible  for  a  large  proportion  of  the  early  mainte- 
nance required  on  some  work.  Because  of  the  ten- 
dency of  the  mat  to  fail  first  near  the  edges  of  the  road, 
it  has  been  found  beneficial  in  some  cases  to  apply 
slightly  greater  quantities  of  asphaltic  material  and 
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Section  4  Between  Greenville  and  Anderson,  S.  C. 
Surface  Treated  Topsoil  Road  Resealed  and  Cov- 
ered  With  Limestone  Chats 

mineral  cover  for  a  width  of  approximately  2  feet  along 
the  sides.  This  is  accomplished  by  placing  nozzles 
witii  larger  openings  on  that  portion  of  the  spray  bar 
which  applies  the  material  along  the  edges. 

The  mineral  aggregate  for  cover  should  preferably 
consist  of  hard  fragments  free  from  dust,  in  which  case, 
the  size  may  range  from  %  to  }i  inch.  Where  a  rela- 
tively soft  and  more  friable  material  must  be  used,  a 
slightly  larger  size  of  from  1%  to  ji  inch  will  be  desirable. 
Crushed  fragments  are  in  all  cases  preferable  to  rounded 
pebbles.  As  the  mineral  cover  should  impart  both 
stability  and  nonskid  qualities  to  the  wearing  surface, 
relatively  coarse  material  is  greatly  preferable  to  sand, 
which  generally  is  considered  as  unsuitable  for  cover 
material. 

The  amount  of  cover  material  requii'ed  will  depend 
upon  the  quantity  of  asphaltic  material  which  has  been 
applied  and  the  size  of  aggregate.  Sufficient  cover 
should  be  used  to  prevent  bleeding  of  the  mat,  but  care 
should  be  taken  not  to  overload  the  bituminous  mate- 
rial with  mineral  particles  and  thus  produce  a  mixture 
which  will  wear  rapidly  under  traffic.  It  is  much 
better  practice  to  apply  too  little  cover  material  at  first 
and  add  more  as  required  than  to  overload  the  bitu- 
minous material  on  first  application.  A  safe  minimum 
to  apply  at  first  is  approximately  10  pounds  of  mineral 
aggregate  for  each  0.1  gallon  of  bituminous  material. 

Uniform  distribution  of  the  mineral  cover  is  ex- 
tremely important  in  producing  a  satisfactory  mat. 
Lack  of  uniformity  makes  a  rough  riding  surface  and 
develops  fat  spots  and  overloaded  areas  which  induce 
87910—30 2 


Sectio.\  5  in  Tim.\1(j.\svillk.  Surface  Treated  Saxd- 
Clay  With  a  Seal  Coat  of  Cut- Back  Asphalt  Cov- 
ered With  Friable  Crushed  Granite 

shoving  and  disintegration  under  traffic.  At  present 
the  accepted  practice  is  to  broadcast  the  aggregate 
with  shovels  from  the  stock  piles  placed  at  suitable 
intervals  along  the  side  of  the  road,  throwing  the 
material  longitudinally  with  a  sweeping  motion  of  the 
shovel,  and  then  hand-broom  as  required  to  obtain 
uniform  distribution.  It  is  thought  that  a  mechanical 
spreader  attached  directly  to  a  dump  truck,  as  used  by 
some  of  the  Western  States  in  surface  treatment,  might 
prove  to  be  a  considerable  improvement  over  the 
methods  now  used.  It  is  quite  possible  that  light 
blading  or  dragging  of  the  cover  material  before  rolUng, 
as  done  by  the  Western  States,  would  also  prove  ad- 
vantageous in  improving  the  riding  qualities  of  the 
finished  road. 

Immediately  after  spreading  the  cover  material,  it 
should  be  rolled  with  a  5  to  7%  ton  roller  until  thor- 
oughly compacted  and  bonded  with  the  bituminous 
material.  A  tandem  roller  is  to  be  preferred  to  a 
3-wheel  roller  and  the  amount  of  rolling  should  be 
controlled  so  as  not  to  produce  excessive  crushing  of 
the  mineral  particles.  As  soon  as  rolling  is  completed 
the  road  may  be  opened  to  traffic.  Cover  which  is 
forced  to  the  side  of  the  road  by  traffic  may  be  thrown 
back  to  remedy  any  deficiency  which  may  develop  in 
certain  areas. 

CHARACTER  OF  SEAL  COAT  DEPENDS  ON  PURPOSE  OF 
TREATMENT 

After  the  treatment  has  been  in  service  for  some  time 
it  may  require  a  seal  coat.  The  proper  time  to  apply 
this  coat  depends  upon  the  condition  of  the  road 
surface,  but  in  no  case  should  it  be  delayed  after  the 
surface  has  assumed  a  dead  or  brittle  appearance,  as 


202 


PUBLIC    ROADS 


Vol.  10,  No.  11 


such  condition  is  soon  followed  by  disintegration.  In 
South  Carolina  a  seal  treatment  is  usually  applied  as 
a  precautionary  measure  before  the  winter  following 
construction. 

The  selection  of  materials  to  be  used  in  the  seal  treat- 
ment will  depend  upon  the  purpose  of  treatment.  If 
it  is  desired  to  enliven  the  surface  and  prevent  raveling 
of  an  already  heavy  mat,  a  light  application  of  a  cold 
cut-back  asphalt  containing  a  readily  volatile  dis- 
tillate is  used  with  small-sized  mineral  aggregate.  If 
it  is  necessary  to  strengthen  the  old  surface  mat  by 
adding  appreciable  thickness,  a  heavier  bituminous 
material  such  as  is  used  in  original  construction  is  ap- 
plied hot  with  larger  mineral  cover.  Whatever  the 
purpose,  it  is  highly  important  that  the  mineral  cover 
be  suited  to  the  bituminous  material  selected. 


Surface  Treated  Topsoil  Road  Betwekn  Gkkenville 
AND  Anderson,  S.  C,  Section  4 

For  light  treatment,  an  asphalt  cement  of  not  over  200 
penetration  cut  to  low  viscosity  with  a  gasoline  type  of 
distillate  is  satisfactory.  Such  material  is  usually  applied 
to  the  thoroughly  swept  road  at  the  rate  of  not  more 
than  0.25  gallon  per  square  yard  and  covered  with  clean, 
crushed  mineral  aggregate  ranging  in  size  from  %  to  ji 
inch.  The  principles  described  for  original  treatment 
relative  to  application  of  cover  material,  are  applicable 
to  retreatment.  The  new  surface  produced  is  of  slightly 
finer  texture,  but  will  possess  stability  and  nonskid 
characteristics  similar  to  the  original  treatment. 

The  serviceability  of  the  bituminous  surface  treat- 
ment is  dependent  upon  careful  and  intelligent  main- 
tenance applied  promptly  as  recjuired.  The  patrol 
system  is  almost  essential,  as  the  surface  should  be 
under  constant  observation  to  detect  and  correct  defects 
as  they  develop  and  prevent  deterioration  of  adjacent 
areas  due  to  progressive  disintegration,  which  takes 
place  very  rapidly  if  the  original  trouble  is  not  promptly 
eliminated.  In  addition  to  the  regular  patrol  mainte- 
nance, retreatment  will  be  required  at  intervals  of 
two  or  three  years  and  may  consist  of  a  light  seal  or 
enriching  treatment  or  a  heavier  treatment  to  thicken 
or  smooth  up  the  original  wearing  course. 


Good  judgment  is  required  in  the  application  of 
maintenance  measures  and  before  deciding  upon 
methods  to  be  used,  the  reason  for  existing  unsatis- 
factory conditions  should  be  correctly  diagnosed. 
Replacement  of  a  defective  wearing  course,  due  pri- 
marily to'  faulty  subgrade  or  base,  will  correct  the 
trouble  only  temporarily.  In  such  case  the  unsatis- 
factory subgrade  or  base  conditions  should  be  remedied 
before  constructing  the  new  wearing  surface. 

Patching  the  wearing  course  should  be  skillfully  done 
so  as  to  duplicate  as  nearly  as  possible  the  composition 
and  character  of  the  adjacent  satisfactory  areas,  and 
may  include  use  of  priming  material  in  addition  to  the 
heavier  bituminous  product.  Special  attention  should 
be  given  to  constructing  the  patch  so  as  not  to  interfere 
with  the  riding  quality  of  the  road,  and  the  use  of  an 
excessive  amount  of  bituminous  material  or  an  aggre- 
gate different  from  that  originally  used  should  be 
avoided,  or  otherwise  the  patch  is  apt  to  develop  into 
a  rough  spot.  Properly  made  patches  can  hardly  be 
detected  a  short  time  after  construction,  and  may  be 
used  to  correct  both  disintegrated  areas  and  areas 
which  are  intact  but  not  smooth.  • 

CONCLUSIONS  SUMMARIZED 

1 .  It  is  clearly  apparent  from  this  investigation  that 
in  localities  where  sand-clay  and  topsoil  roads  have  been 
found  of  value,  surface  treatment  fills  a  definite  need  in 
the  economic  development  of  a  well-planned  highway 
system  by  offering  a  nonskid  surface  which  is  excep- 
tionally easy  riding,  low  in  first  cost,  reasonable  in 
maintenance  cost,  and  one  that  can  be  constructed  with 
a  minimum  of  inconvenience  to  traffic.  It  has  the 
advantage  of  making  maximum  use  of  local  material. 

2.  South  Carolina  and  Florida  each  have  hundreds 
of  miles  of  this  type  that  have  been  in  service  from 
three  months  to  four  years  and  are  successfully  carrying 
traffic  which  in  some  instances  is  in  excess  of  2,000 
vehicles  per  day.  There  are  a  great  many  miles  over  3 
years  of  age  on  which  the  traffic  has  averaged  more  than 
1 ,000  vehicles  per  day. 

3.  Construction  and  maintenance  costs  naturally 
vary  with  local  conditions.  The  following  figures  show 
a  normal  range  of  cost  for  work  of  this  character  to  date: 

(o)   Construction  costs  per  mile: 
Sand-clay  or  topsoil  base,  20  feet  wide  and  6 

inches  uniform  thickness,  comjjlete $1,500  to  $3,000 

Priming  material  and  heavy  application  with 

cover,  complete 1,800  to    2,500 

Seal  coat  treatment,  complete 500  to    1,000 

(6)    Maintenance  costs  per  mile  per  month: 
First  year — • 

Surface  treatment  only $15  to  $60 

Shoulders  and  ditches 15  to    50 

Second  year — 

Surface  treatment  only 5  to    20 

Shoulders  and  ditches 0  to    20 

4.  Important  subgrade  requirements  are  as  follows: 
(a)  The  subgrade  should  be  composed  of  stable  soil, 

even  though  to  meet  tliis  requirement  it  is  necessary  to 
remove  from  the  grade  existing  unsatisfactory  soils  and 
replace  them  with  stable  soil. 

(h)  The  subgrade  should  be  constructed  in  layers  of 
not  more  than  12  inches,  thoroughly  compacted  by 
contractor's  equipment  'or  by  hydrauUc  jetting,  and 
machining  and  shaping  should  be  continuous  under 
traffic. 

r.  (c)  The  grade  line  should  be  laid  to  keep  the  surface 
well  above  the  ground  level  and,  in  so  far  as  practical, 
to  take  full  advantage  of  natural  drainage. 
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5.  Details  of  especial  importance  with  regard  to 
sand-clay  and  topsoil  base  are  as  follows : 

(a)  Base  materials  should  be  selected  only  after 
examination  to  determine  their  suitability  for  use. 

(6)  The  compacted  depth  of  base  course  should  be 
not  less  than  6  inches  at  any  point  over  the  areas  to 
be  surface  treated. 

(c)  The  base  should  be  constructed  2  to  3  feet  wider 
than  the  area  to  be  surface  treated  or  else  should  be 
supported  at  the  edge  by  planks  or  other  curbs. 

(d)  The  crown  of  the  sand-clay  or  topsoil  base  should 
not  exceed  %  inch  to  the  foot. 

(e)  After  thorough  mixing  the  base  should  be  com- 
pacted by  traffic  for  a  period  of  not  less  than  one  month 
accompanied  by  frequent  blading  and  shaping.  This 
traffic  should  be  so  distributed  by  regulating  measures 
as  to  obtain  uniform  compaction  over  the  full  width  of 
road. 

(/)  When  the  sand-clay  or  topsoil  does  not  contain 
an  appreciable  quantity  of  mineral  particles  of  approxi- 
mately )4-inch  diameter  it  is  recommended  that  a 
stabilizing  layer  of  pea  gravel  or  similar  material  be 
worked  into  the  surface  of  the  base  when  preparing  it 
for  surface  treatment. 

6.  Bituminous  priming  material  should  be  applied 
only  upon  a  smooth,  thoroughly  bonded  and  well- 
swept  base.  The  priming  material  should  possess  high 
penetrating  and  fairly  rapid  hardening  properties  so  as 
to  be  absorbed  by  the  base  without  leaving  a  sticky  mat. 
Cold  application  tars  and  asphalt  cements  cut  back 
with  a  kerosene  type  of  distillate  appear  best  adapted 
for  such  purpose.  Wherever  possible  traffic  should  be 
barred  from  the  road  after  sweeping  preparatory  to 
priming  and  until  compaction  of  the  bituminous  wearing 
course  has  been  effected.  The  priming  material  should 
uniformly  cover  the  surface  of  the  base  but  there  should 
not  be  an  excess  so  as  to  require  a  mineral  cover  prior 
to  application  of  the  heavy  asphaltic  material. 

7.  The  heavy  asphaltic  material  should  not  be  ap- 
plied within  24  hours  after  the  surface  has  been  treated 
with  priming  material.  A  soft  asphalt  cement  of  from 
150  to  300  penetration  is  to  be  preferred  to  a  softer  or 
less  viscous  hot  oil.  It  should  be  uniformly  distributed 
at  a  temperature  of  275°  to  325°  F.  when  the  air  tem- 
perature is  not  lower  than  50°  F.  and  immediately  cov- 
ered with  coarse  mineral  aggregate.  It  is  important  to 
exercise  extreme  care  in  uniformly  distributing  the 
coarse  aggregate  before  and  during  compaction  in  order 
to  secure  a  smooth  riding  surface.  Coarse  aggregate 
should  preferably  consist  of  hard,  broken  fragments  of 
stone  or  slag  from  %  to  M  incla  in  diameter.  Un- 
crushed  gravel  and  sand  are  not  desirable  for  use  as 
mineral  cover.  The  bituminous  mat  should  be  ap- 
proximately %  inch  in  compacted  thickness,  and 
should  be  rolled  with  a  tandem  roller  until  thoroughly 
bonded.  Cover  material  should  not  be  applied  in 
excessive  amount,  as  overloading  the  bituminous  mat 
will  greatly  reduce  its  life. 

8.  Apphcation  of  a  seal  coat  should  be  deferred  until 
the  condition  of  the  surface  treatment  indicates  its 
immediate  need,  except  where  climatic  conditions  are 
such  as  to  create  this  condition  during  the  winter 
months,  in  which  case  the  seal  coat  should  be  applied 
before  the  first  winter  of  service.  Bituminous  material 
for  seal  coat  should  be  preferably  an  asphalt  cement 
cut-back  with  a  gasoline  type  of  distillate.     The  min- 


eral cover  should  consist  of  }<  to  %  inch  stone  or  slag 
chips. 

9.  Retreatment  with  soft  asphalt  cement  and  a 
coarse  mineral  cover  should  be  made  whenever  rein- 
forcement or  thickening  of  the  bituminous  nuit  is 
required  and  when  patching  becomes  so  (>xtensive  as 
to  make  resurfacing  more  economical. 

10.  (leneral  maintenance  should  be  midcr  the  j)atr()l 
system  and  patches  should  be  made  promptly  as  re- 
quired, with  care  to  maintain  a  smooth  riding  surface. 
The  material  and  methods  used  for  constructing  patches 
should  duplicate  as  closely  as  possible  materials  and 
methods  used  in  original  construction.  Maintenance 
should  include  prompt  repairs  to  shoulders  and  ditches 
when  needed. 

APPENDIX  I 

EXAMINATION  AND  CLASSIFICATION  OF  SOIL  SAMPLES  FROM 
SUBGRADES  AND  BASES 

Samples  were  taken  of  both  the  subgrades  and  base 
courses  of  the  several  sections  of  surface-treated  I'oads 
covered  by  this  survey.  These  materials  have  been 
classified  according  to  characteristics  detcrn:ined  by 
analyses.  General  conclusions  may  be  drawn,  which 
explain  their  behavior  up  to  the  time  of  the  survey 
and  the  behavior  that  may  be  expected  in  the  future. 
Classification  of  these  soils  are  independent  of  tli(>  ed'cct 
of  surface  treatment  which  is  covered  elsewhere. 

Analyses  were  made  by  methods  in  use  in  the  labo- 
ratory of  the  Bureau  of  Public  Roads.  Clay  is  defined 
as  material  possessing  capillarity  and  cohesion  and 
generally  consisting  of  particles  not  larger  than  0.005 
millimeter  in  diameter.  Silt  is  defined  as  material 
possessing  capillarity  in  appreciable  amount  and  little 
or  no  cohesion  and  consisting  of  particles  not  larger 
than  0.05  millimeter  nor  smaller  than  0.005  millimeter 
in  diameter.  Sand  is  defined  as  material  possessing 
neither  capillarity  nor  cohesion  in  appreciable  amount 
and  consisting  of  particles  larger  than  0.05  millimeter  in 
diameter. 

The  scheme  of  analyses  to  wliich  the  soil  samples 
were  subjected  is  as  follows: 

1.  Determination  of  size  and  percentage  of  particles 
to  determine — 

Percentage  of  clay. 
Percentage  of  silt. 
Percentage  of  sand. 

2.  Analysis  of  sand  fraction,  on  which  is  based  the 
determination  of — 

Uniformity  coefficient. 
Efl'ective  size. 

3.  Physical  tests  on  the  soil  include  the  determina- 
tion of — 

Lower  liquid  limit. 
Plasticity  index. 
Shrinkage  limit. 
Shrinkage  ratio. 

Moisture  equivalent,  centrifuge. 
Moisture  equivalent,  field. 

Volume   change   at   centrifuge  moisture   equiv- 
alent. 
As  a  result  of  these  analyses  the  materials  forming 
the   subgrade   and   base   courses   of   the   roads   under 
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discussion  were  placed  in  the  following  soil  classifica- 
tions (basis  of  classification  discussed  below) : 


Section 


(1)  Florida  Route  1 

(2)  Florida  Route  1 • 

(3)  Florida  Route  I 

(4)  South  Carolina  Route  29. 

(5)  South  Carolina  Route  5.. 


Oroup  classification 


Sub^rade.      Base 


A-3,  A-2 
A-3,A-2 
A-3,  A-2 
A-7,  A-2 
A-2 


A-3,  .^- 
A-3,  A- 
A-3,  A- 
A-1,  .\- 
A- 


The  group  classifications  have  in  general  the  following 
properties : 

Group  A-1 

Clay,  5  to  10  per  cent. 

Silt',  10  to  20  per  cent. 

Sand,  70  to  85  per  cent. 
Forty-five  to  sixty  per  cent  of  the  sand  is  retained 
on  a  60-mesh  sieve.  The  material  has  a  uniformity 
coefficient  in  excess  of  15  and  an  effective  size  approach- 
ing 0.01  millimeter.  Group  A-1  materials  possess 
high  stability,  due  to  both  high  frictional  resistance  in 
the  sand  and  high  cohesion  of  the  binder.  It  is  a  well- 
graded  product  containing  coarse  and  fine  particles 
together  with  an  excellent  binder.  It  is  highly  stable 
under  wheel  loads  and  compacts  well  under  traffic, 
functioning  satisfactorily  when  surface  treated  or 
when  used  as  a  base  for  relatively  thin  wearing  courses. 

Group  A-2 

This  group  differs  from  group  A-1  in  one  or  more  of 
the  following  respects: 

1.  Poor  quality  of  clay-silt  binder. 

2.  Proportion  of  silt  and  clay,  not  conforming 

to  the  limits  established  for  group  A-1. 

3.  Less  than  45  per  cent  of  the  sand  is  retained 

on  the  60-mesh  sieve. 
This  material  softens  at  high  water  content  caused 
by   rains   or   by   capillary   rise   from   saturated   lower 
strata  when  surface  treatment  prevents  evaporation. 

Group  A-3 

This  group  differs  from  groups  A-1  and  A-2  mainly 
in  a  lack  of  silt  and  clay  or  particles  less  than  0.05 
millimeter  diameter,  being  essentially  sandy  in  char- 
acter and  deficient  in  cohesion.  The  effective  size  is 
usually  not  less  than  0.1  millimeter.  This  material 
has  no  shrinkage  or  plasticity  and  no  detrimental  capil- 
larity. The  higher  its  uniformity  coefficient  and  the 
sharper  the  grain  the  higher  will  be  its  stability. 
Soils  of  this  class  are  unstable  under  direct  concen- 
trated load  and  do  not  compact  well  under  traffic. 
When  moist  they  possess  greater  stability  than  when 
dry,  being  similar  in  this  respect  to  beach  sands. 
These  soils  furnish  excellent  support  as  subgrades  for 
moderately  thick  pavements  without  modification. 
They  require  the  addition  of  only  a  small  percentage 
of  cohesive  material  to  convert  them  into  very  stable 
bases.  Stabilization  of  this  character  permits  the 
thickness  of  the  wearing  course  to  be  reduced. 

Group  A-7 

Soils  of  this  group  include  clays  with  elastic  and 
highly  expansive  properties,  differing  from  groups  A-1 , 


A-2,  and  A-3  in  then-  behavior  in  the  presence  of 
water.  Addition  of  water  to  the  dry  soil  causes  ex- 
pansion and  forms  a  spongy  jellylike  mass.  The 
large-sized  voids  in  this  soil  allow  rapid  penetration 
of  water  to  a  greater  depth  with  correspondingly  rapid 
softening.  They  allow  rapid  evaporation  at  the  sur- 
face, dry  out  uniformly,  and  quickly  lose  their  spongy 
character.  Because  of  their  elasticity  they  are  less 
apt  to  compact  well  under  traffic.  The  behavior  above 
outlined  is  largely  dependent  on  field  conditions. 
Where  rainfall  is  light  and  well  distributed,  with  the 
ground  water  level  well  below  the  subgrade,  this  soil 
may  form  a  fairly  stable  roadbed.  The  character- 
istics of  the  group  on  analysis  are  as  follows: 

Effective  size  is  greater  than  0.002  millimeter  (ex- 
cept when  coagulated). 

wShrinkage  limit  is  less  than  30. 

The  field  moisture  equivalent  may  exceed  both  35 
and  the  value  of  the  centrifuge  moisture  equivalent; 
also  under  some  conditions  the  field  moisture  equiva- 
lent may  be  very  nearly  equal  to  the  lower  liquid  limit. 

Field  conditions  may  produce  very  detrimental  vol- 
ume change  and  the  elastic  properties  may  tend  to 
prevent  the  compaction  obtainable  with  other  soils. 

The  clay  may  be  deficient  in  finer  particles,  or  finer 
clay  may  be  present  in  abundance  combined  with 
organic  matter  or  coarse-grained  mica. 

ILLUSTRATIVE  ANALYSES  PRESENTED 

The  analyses  shown  in  the  following  tabulation  have 
been  selected  from  those  made  on  materials  forming 
the  subgrade  and  base  courses  of  the  roads  surveyed. 
They  do  not  indicate  the  group  classification  limits 
but  are  merely  illustrative  of  group  differences. 

Under  A-1,  sample  South  Carolina  31  closely  ap- 
proaches the  ideal  in  grading  as  well  as  other  proper- 
ties. Under  A-2,  Florida  No.  34  differs  mainly  in  its 
17  per  cent  of  coarse  sand  as  compared  with  39  per 
cent  for  sample  South  Carolina  31,  as  well  as  its  much 
higher  percentage  of  clay. 

Under  A-3,  Florida  No.  2  shows  a  cohesionless  soil 
with  a  fair  percentage  (27  per  cent)  of  coarse  sand.  It 
contains  only  3  per  cent  silt  and  2  per  cent  clay. 

Under  A-7,  South  Carolina  26  is  markedly  different 
in  lower  licjuid  limit,  plasticity  index,  both  centrifuge 
and  field  moisture  eqtuvalents,  and  is  high  in  volume 
change. 

Illustrative  analyses  of  subgrade  and  base  soils 


Mechanical  analysis: 

Larger  than  0.5  mm 

0.5  to  0.0.5  mm.- --- 

0.05  to  0.005  mm -. 

Smaller  than  0.005  mm 

Effective  size... 

Uniformity  coefBcient. _ 

Lower  liquid  limit 

Plasticity  index —  

Shrinkage  limit.  _. 

Shrinkage  ratio_- 

Moisture  equivalent,  centrifuge 

Moisture  equivalent,  fi.'ld- 

Volume   change   at   centrifuge   moisture 
equivalent 


Group 

A-1, 

sample 

South 

Carolina 

31 

Group 

Group 

A-2, 

sample 

A-3, 

sample 

Florida 
34 

Florida 
2 

Per  cent 

Per  cent 

Per  cent 

39 

17 

27 

39 

55 

68 

14 

14 

3 

8 

14 

2 

.009 

.0018 

.08 

53    ■ 

100 

5 

17 

19 

17 

4 

6 

0 

15 

17 

1.9 

1.8 

13 

12 

5 

14 

15 

19 

0 

0 

0 

Group 

A-7, 

sample 

South 

Carolina 

26 


Per  cent 
16 
(') 

(') 
(■) 


64 
32 
28 

1.5 
48 
51 

30 


>  Unable  to  make  test  because  of  coagulation. 
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GENERAL  DISCUSSION 

The  effect  of  either  surface  or  ground  water  upon 
soils  is  of  such  vital  importance  that  their  classification 
is  largely  a  measure  of  their  behavior  in  the  presence 
of  water  in  the  laboratory  and  in  the  field. 

Some  soUs  of  relatively  low  susceptibility  to  water 
action  but  deficient  in  natural  binding  material  may, 
by  treatment  with  bituminous  materials,  be  made 
equivalent  or  superior  to  natural  Group  A-1  soils  in 
their  stability  and  load-carrying  capacity. 

The  soil  groups  highly  susceptible  to  surface  water 
action,  which  may  destroy  their  stability  through  soft- 
ening, are  benefited  greatly  by  an  impervious  surface 
treatment.  Soils  susceptible  to  ground-water  action 
have  their  resistance  increased  by  the  introduction  of 
asphaltic  oils  in  a  mixed-in-place  treatment,  or  by  the 
penetration  of  primer  for  surface  treatment  and  their 
classification  as  natural  soil  does  not  necessarily  fore- 
cast their  behavior  when  thus  treated. 

Conclusions  based  on  laboratory  classifications  with- 
out fully  considering  field  conditions  and  the  efi"ect  of 
bituminous  treatment,  may  be  very  misleading  and 
confuse  attempts  to  correlate  soil  classification  with 
service  results.  Comparing  service  results  with  con- 
struction and  maintenance  costs,  it  seems  reasonable 
to  class  the  soils  of  Groups  A-1,  A-2,  A-3,  and  A-7 
as  satisfactory  under  the  field  conditions  existing  on 
the  roads  covered  by  this  survey.  The  important 
part  played  by  field  conditions  is  illustrated  by  the 
following  examples. 

On  Florida  State  Route  1  the  extensive  fill  over 
Escambia  Bay  is  largely  made  with  Group  A-2  soil. 
The  fill  has  good  side  drainage  and  is  protected  with  an 
impervious  asphalt  surface  treatment.  The  surface 
waters  are  collected  in  water-tight  gutters  and  carried 
beyond  the  sides  of  the  fill  by  frequent  box  drains. 
The  fill  is  standing  up  well  and  ofl'ers  a  firm  support  to 
the  base  and  surface  mat  forming  the  roadway. 

On  South  Carolina  State  Route  3  within  the  limits 
of  Timmonsville  there  is  a  small  section  about  10  square 
yards  in  area  where  rutting  and  cracking  of  the  surface 
treatment  has  occurred  over  Group  A-2  soil.  Excava- 
tion at  this  point  shows  that  the  ground  water  level 
approaches  the  bottom  of  the  base  course  with  result- 
ing softening  and  instability.     Proper  ditches  have  not 


been  built  and  the  slopes  on  both  sides  are  toward  the 
roadway,  this  condition  probably  resulting  in  pocketing 
the  water  beneath  the  surface. 

On  South  Carolina  State  Route  29  a  portion  of  the 
base  and  subgrade  are  found  to  conform  to  Group  A-7 
classification,  mainly  because  of  the  presence  of  mica 
coupled  with  a  high  clay  content.  No  trouble  has  been 
experienced  on  this  road  which  seems  to  be  directly 
chargeable  to  the  soil  type.  In  general  the  natural 
drainage  conditions  are  ideal  and  this,  together  with 
the  waterproofing  eft'ect  of  the  bituminous  treatment, 
accounts  for  the  high  stability  of  the  roadbed  during 
its  several  years  of  service. 

APPENDIX  II 

ANALYSES  OF  BITUMINOUS  MATERIALS 

Characteristics  of  the  bituminous  materials  used  for 
surface  treatment  have  been  discussed  in  the  main 
body  of  the  report  and  will  not  be  considered  in  further 
detail  here. 

The  specification  limits  and  results  of  analyses  of 
these  materials  are  given  in  Tables  1  to  3.  Wide 
variations  arc  apparent  in  both  specifications  and 
tests,  but  it  is  significant  that  all  these  materials  have 
given  good  service  in  the  treatment  of  soils  with  a 
broad  range  of  characteristics.  It  seems  that  consider- 
able latitude  in  characteristics  is  allowable  and  that  a 
general  simplification  of  specification  requirements  is 
both  possible  and  desirable. 

Specifications  for  materials  for  low-cost  roads  should 
be  as  free  as  possible  from  requirements  which  may 
make  it  difficult  to  obtain  the  desired  products  in  large 
quantities  from  as  many  sources  as  possible,  without 
recourse  to  unnecessary  methods  of  refining.  Speci- 
fications should,  of  course,  cover  characteristics  essen- 
tial to  ready  workability  or  handling  incident  to  con- 
struction and  necessary  hardening  or  binding  quali- 
ties. Most  other  reciuirements  are  believed  to  be 
superfluous. 

The  tables  show  the  results  of  consistency  tests  which 
have  almost  invariably  been  included  in  specifications. 
The  results  of  a  special  distillation  test  for  asphaltic 
products  and  the  consistency  of  the  residue  from  this 
test  have  been  included  for  general  information. 
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Table  1. — Results  of  tests  of  tars  used  for  priming 


Florida 

South  Carolina 

TC-1 

TC-2 

TC-1 

Specifi- 
cation 
limits 

Sec.  1 

Specifica- 
tion 
limits 

Sec.  3 

Specification 
limits 

Sec.  4 

Sec.  5 

Specific  gravity  at  77°  F.     (25°  C.) 

1. 100+ 
8-13 
90+ 

1.132 
12.5 
95.5 

1.127 
10.3 
95.6 

1. 10-1. 14 
25-35 
95+ 

1.134 
28.0 
96.0 

1.136 
28.5 
96.3 

1.138 
30.0 
96.2 

1.124 
10.4 

1.128 
8.8 

1.127 
10.3 

1. 131 

Specific  viscosity,  Engler  at  104°  F.  (40°  C.) 

8-13 
88-97 

2.0- 

7.0- 
20.0- 
30.0- 
35.0- 
1.01+ 
140°  F.  (60°  C.)- 

10.4 

Bitumen  soluble  in  CSj,  per  cent,.-  . 

Distillation,  A.  S.  T.  M.,  D-20  modified: 
Water,  per  cent 

1.0 

1.8 
14.8 
27.4 
34.3 

0.6 

1.6 
14.7 
25.3 
33.5 

2.0 

1.7 
13.6 
22.8 
30.0 

1  8 

Percentage,  of  total  distillate  to— 

338°  F.  (170°  C.)._ _ 

5- 

1.5 

1.6 

2.0- 

1.0 

1.3 

1.5 

0.4 

455°  F.  (236°  C).     ...               

10.4 

518°  F.  (270°  C.) 

30- 
40- 

27.9 
38.0 

27.0- 
38.2 

25.  0- 
35.0- 

20.4 
28.8 

20.0 
30.9 

19.8 
28.0 

21.0 

572°  F.  (300°  C.) 

30.7 

Specific  gravity  of  total  distillate  at  77°  F.     (25°  C.) 

Melting  point  of  residue  (R.  &  B.)    - 

Specific  gravity  at  77°  F 

Flash  point  (open  cup)  °  F _ _ 

Specific  viscosity,  Engler,  at  77°  F.  (25°  C.) 

Loss  at  325°  F.  (103°  C),  5  hours,  per  cent 

Float  test  on  residue  at  122°  F.  (50°  C),  seconds. 

Bitumen  soluble  in  CSj.  per  cent 

Bitumen  insoluble  in  80°  B.  naphtha,  per  cent 

Distillation,  A.  S.  T.  M.,  D-20,  modified:  ' 

Initial  boiling  point,  °  F 

Percentage,  by  volume,  of  distillate  to— 

500°  F.  (260°  C.)._ 

518°  F.  (270°  C.) 

536°  F.  (280°  C.) 


Florida,  OC-2 


Specification 
limits 


0.  925-0. 970 

122(50°  C.)- 

80-120 

30- 

90+ 

99.5+ 

6.0+ 


Sric.  3 


0.945 
240 
131.5 
11.02 
15 
99.76 
13.50 

250 

0.2 
0.5 
1.0 


Distillation,  A.  S.  T.  M.,  D-20,  modified— Continued 
Percentage,  by  volume,  of  distillation  to— Continued. 

554°  F.  (290°  C.) 

572°  F.  (300°  C.) 

590°  F.  (310°  C.) 

608°  F.  (320°  C.).... 

020°  F.  (330°  C.) 

644°  F.  (340°  C.).. 

662°  F.  (350°  C.) 

680°  F.  (360°  C.) _-_ 

Float  test  on  residue  at  122°  F.  (50°  C),  seconds 

Residue  soluble  in  CS2,  per  cent 


Florida,  OC-2 


Specification 
limits 


Sec.  3 


1.8 

3.0 

6.5 

10.5 

14.5 

18.0 

21.5 

26.6 

36 

99.7 


'  Test  made  on  100  c.  c.  sample  measured  by  weight  on  basis  of  specific  gravity  at  77°  F.;  bulb  of  thermometer  immersed  to  a  point  M  inch  above  bottom  of  flask; 
distillation  stopped  at  080°  F.,  and  residue  immediately  poured  in  tin  box  and  cooled  for  consistency  tests. 


T.\BLE  2. — Results  of  tests  of  asphallic  products  for  wearing  course  construction 


Florida,  OH- 

1  modified 

South  Carolina, 
OH-1 

South  Carolina,  150-200 
penetration  asphalt 

Speciflcation 
limits 

Sections 
1  and  3 

Sec- 
tion 2 

General 
analyses 

Specification 
limits 

Sec- 
tion 4 

Specification 
limits 

Sec- 
tion4 

Sec- 
tions 

Specific  gravity  at  77°  F.  (25°  C.) 

0.99+ 
212  (100°  C.)+ 

0.991 

285 

63.9 

8.2 

1.030 

435 

210.4 

21.3 

1.033 

420 

196.9 

17.5 

1.033 

400 

332.0 

28.8 

0.98+ 

176  (80°  C.)+ 

60- 

1.006 

235 

38.2 

1.00+ 
347  (175°  C.)+ 

1.032 
480 

1.032 

Flash  point  (open  cup),  °  F      

465 

Specific  viscosity,  Engler,  at  212°  F.  (100°  C.) 

Specific  viscosity,  Engler,  at  302°  F.  (150°  C.) 

7.  5-20. 0 

Float  test  at  90°  F.  (32°  C),  seconds 

60+ 

183 

Float  test  at  122°  F.  (50°  C),  seconds 

100+ 

138 

410 

217 

0.22 

481 

414 
227 
0.8 
542 

797 

Penetration  at  77°  F.  (2.5°  C.) 

150-200 
2.0- 

175 
0.26 

170 

Loss  at  325°  F.  (163°  C),  5  hours,  percent 

Float  test  on  residue  at  122°  F.  (50°  C),  seconds 

Penetration  of  residue  at  77°  F.  (25°  C),  per  cent 

7.5- 
110+ 

6.04 
455 

0.44 
1,110 

15.0- 
110+ 

6.25 
141 

0.24 

60+ 
99.5+ 
0.2- 

95 
99.86 
0.04 



94.1 

Bitumen  soluble  in  CSj,  per  cent.. _ 

99.5+ 

99.72 

99.76 

99.82 

99.86 

99.5+ 

99.46 

99.84 

Organic  matter  insoluble,  per  cent     - 

0.06 

Bitumen  insoluble  in  80°  B.  naphtha,  per  cent 

6.0+ 

20.36 

536 

0.2 
0.5 
0.8 
1.2 
1.6 
2.0 
3.0 
5.0 
122 
99.4 

Distillation,  A.  S.  T.  M.  method  D-21  .modified:  ' 

Initial  boiling  point,  °  F                          

590 

Percentage,  by  volume,  of  distillation  to— 

5.54°  F.  (290°  C.) 

572°  F.  (300°  C.) 

590°  F.  (310°  C.) 

608°  F.  (320°  C.) 

0.2 
1.0 
1.8 
2.5 
5.0 
179 
99.7 

626°  F.  (330°  C.) 

.. 

644°  F.  (340°  C.) 

662°  F.  (350°  C.) ._ 

680°  F.  (360°  C.) 

.0 

.0 

.0 

Float  test  on  residue  at  122°  F.  (50°  C),  seconds . 

Residue  soluble  in  CS2,  percent 

'  Test  made  on  100  cc.  sample  measured  by  vreight  on  basis  of  specific  gravity  at  77°  F.;  bulb  of  thermometer  immersed  to  a  point  H  inch  above  bottom  of  flask; 
distillation  stopped  at  680°  F.,  and  residue  immediately  poured  in  tin  box  and  cooled  for  consistency  tests. 
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Table  3. — Results  of  tests  of  asphaltic  products  used  for 

seal  coat  and  reseating  in  South  Carolina 

LA-5 

OC-2 

AC-2 

AC-2L 

AC-2 

Specification 
limits 

Seal  on 
sec.  4 

Seal  on 
sec.  4 

Specification 
limits 

Reseal 

on 
sec.  4 

Specification 
limits 

Reseal 

on 
sec.  4 

Specification 
limits 

.«cal 

on 

sec.  5 

Specific  gravity,  60°  F.  {15.5°  C.) 

0. 935+ 

0.960 

"'o.'oii' 

140 
19.3 

0.  92+ 

0.949 

0.92+ 

0.944 

0.92+ 

0.95 

Specific  gravity,  77°  F.  (25°  C.) 

Flasii  point  (open  cup),  °F 

200  (93°  C.)  + 

235 

27.2 

2.8 

28.60 

90  (32°  C.)  + 
15-25 

100 
35.2 

90  (32°  C.)  + 
15-25 

"""'95" 
24.7 

90(32°  0  + 
15-25 

*: 

Specific  viscosity,  Engler,  at  122°  F.  (50°  C.)  ._ 

34.9 

Specific  viscosity,  Engler,  at  212°  F.  (100°  C.) 

2.4-4.4 
16.0- 

Loss  at  325°  F.  (103°  C),  5  hours,  per  cent 

20.56 
57 

23+ 

22.24 

25+ 

27.72 

23+ 

22.4 

Float  test  on  residue,  at  122°  F.  (50°  C.)  seconds 

Asphalt  content,  1.50  penetration,  per  cent 

65-75 

70.  9 

65-75 

74.0 

70  0 

Asphalt  content,  100  penetration,  per  cent_ __ 

60+ 

25+ 

99.5+ 

60.4 
100+ 
99.86 

Ductility  of  asphalt,  100  penetration 

Bitumen  soluble  in  CSj,  per  cent 

99.  91 
14.  44 

Bitumen  insoluble  in  86°  B.  naphtha,  per  cent 

Bitumen  soluble  in  CClj . 

99.  8+ 

5.0- 
17.0- 
37.0- 

99.  7 

0 

6.0 
25.0 
302 

99.  8+ 

5.0- 
15.0- 
35.0- 

99. 88 

0 

7.0 

28.0 

310 

99.  8+ 

5.0- 
17.0- 
37.0- 

99.  86 

0 

6.5 
25.0 
356 

Distillation,  A.  S.  T.  M.  D-20: 

Percentage,  by  volume,  of  total  distillation  to— 
212°  F.  (100°  C.) 

302°  F.  (150°  C.) _. 

401°  F.  (205°  C.) 

Initial  boiling  point,  °F 

536 

266 

0.5 

0.8 

1.2 

1.5 

1.8 

2.5 

3.8 

6.0 

8.5 

10.5 

13.0 

15.0 

17.0 

18.0 

19.5 

20.5 

22.0 

23.0 

24.0 

25.0 

26.0 

27.0 

30.0 

77 

Distillation,  A.  S.  T.  M.  D-20,  modified:  ' 
Percentage,  by  volume,  of  distillation  to— 

284°  F.  (140°  C.) 

320°  F.  (100°  C.) 

0.3 

1.6 
4.0 
7.5 
12.0 
14.5 
17.0 
19.0 
20.5 
22.0 
23.0 
24.0 
26.0 
25.5 
26.0 
26.6 
27.2 
27.8 
28.2 
28.6 
30.0 

3.0 
6.0 
10.5 
14.0 
17.0 
19.5 
22.0 
24.0 
25.5 
27.0 
28.0 
29.0 
30.0 
30.5 
31.0 
31.5 
32.0 
32.4 
32.8 
34.0 

356°  F.  (180°  C) 

3  0 

392°  F.  (200°  C). 

7  0 

410°  F.  (210°  C.) 

11  0 

428°  F.  (220°  C.) 

13  0 

446°  F.  (230°  C.) 

15  5 

464°  F.  (240°  C.) 

17  5 

482°  F.  (2.50°  C.) 

19.0 

500°  F.  (260°  C.) 

20  0 

518°  F.  (270°  C.) , 

21  0 

536°  F.  (280°  C.) 

22  0 

554°  F.  (290°  C.) 

0.4 

1.0 

2.9 

5.2 

7.0 

10.0 

13.3 

17.5 

15 

23.0 

572°  F.  (300°  C.) 

24.0 

590°  F.  (310°  C.) 

24.  5 

608°  F.  (320°  C.) 

25.0 

626°  F.  (.330°  C.) 

25.5 

644°  F.  (340°  C.).. 

26.0 

662°  F.  (350°  C.) 

26  5 

680°  F.  (.360°  C.) 

28.0 

Float  test  on  residue  at  122°  F.  (50°  C),  seconds 

Penetration  of  residue  at  77°  F.  (25°  C.) 

279 

75 

99.82 

138 
100+ 
99.8 

280 

Residue  soluble  in  CSi,  per  cent 

99.8 

99.66 

99.8 

ASPHALT  BASE 


Specific  gravity,  at  60°  F 

Flash  point  (open  cup)  °  F 

Penetration,  at  77°  F.  (25°  C). 
Ductility,  at  77°  F.  (25°  C.)... 


1.02+ 
450+ 
85-100 
32+ 


1.02+L 

410    I- 

150-180     . 

32+. 


450+ 
85-100 
32+ 


NAPHTHA  FLUX 


Baume  gravity 

Distillation,  A.  S.  T.  M.,  D86-27: 

Percentage,  by  volume,  of  total  distillation  to— 
221°  F.  (105°  C.) 

2S4°  F.  (140°  C.) 

392°  F.  (200°  C.) 


8.0- 
30.0- 
80.0- 


63°- 


8.0- 
30.0- 
80.0- 


53°- 


8.0- 
30.0- 
80.0- 


'  Test  made  on  100  c.  c.  sample  measured  by  weight  on  basis  of  specific  gravity  at  77°  F.;  bulb  of  thermometer  immersed  to  n  point  M  inch  above   bottom  of  fiask 
distillation  stopped  at  080°  F.,  and  residue  immediately  poured  in  tin  bo.x  and  cooled  for  consistency  tests. 


APPENDIX  III 

ANALYSES  OF  BITUMINOUS  MATS 

Analyses  of  samples  of  the  bituminous  surface  mats 
from  each  of  the  sections  surveyed  are  reported  in  the 
accompanying  table.  These  mat  surfaces  should  not 
be  considered  as  paving  mixtures,  as  no  mixing  process 
was  involved  in  their  construction.  A  considerable 
variation  in  composition  is  therefore  to  be  expected, 
especially  in  view  of  the  fact  that  in  cutting  specimens, 
more  or  less  of  the  primed  base  adheres  to  the  mat 
proper.  In  addition,  a  nonskid  surface  of  the  character 
which  it  was  desired  to  produce  traps  more  or  less 
surface  soil,  sand,  etc.  As  no  method  has  been  de- 
veloped for  separating  the  mat  proper  from  these  ex- 


traneous materials,  their  presence  causes  a  variation  in 
the  analyses  in  proportion  to  the  amounts  adhering  to 
the  specimens. 

Analyses  of  the  mats  are  of  value  in  determining  the 
tendency  of  the  aggregate  to  crush  and  wear  down  under 
traffic,  and  in  measuring  the  consistency  of  the  bitumin- 
nous  material  at  various  ages  to  determine  its  change  in 
consistency,  as  well  as  its  power  to  hold  the  aggregate 
required  for  cover. 

The  general  trend  of  analyses  of  samples  from  sections 
2  years  or  more  of  age  indicates  greater  hardening  of  the 
asphaltic  material  over  the  tar  prime  coats  than  over 
the  asphaltic  oil  prime  coats.  This  is  seen  by  com- 
paring samples  W-1  and  W-7  with  W-29,  W-30,  and 
W-31,  and  also  with  Florida  28,  32,  and  36.     Sample 
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W-23  appears  to  be  an  exception  which  may  be  due  to 
the  road  having  been  patched  at  this  particidar  loca- 
tion. Whether  the  hardening  over  a  tar  prime  coat 
is  normal,  or  accelerated  by  the  presence  of  tar,  remains 
to  be  ascertained.  The  apparent  softening  in  the  case 
of  sample  W-7  is  probably  due  to  the  presence  of  a 
relatively  large  amount  of  the  asphaltic  oil  prime  coat 
which  was  not  thoroughly  absorbed  by  the  base.  In 
general,  the  indicated  hardening  of  the  bituminous 
materials  as  shown  appears  to  be  beneficial  rather  than 
detrmiental  to  the  stability  of  the  mat. 


Although  the  amount  of  bitumen  recovered  from 
section  1  was  not  abnormally  low,  the  surface  when  in- 
spected showed  a  rather  hard  brittle  mat,  indicating  a 
need  of  further  bituminous  treatment  in  the  near 
future.  The  asphaltic  product  originally  applied  had 
a  relatively  low  viscosity,  which  would  tend  to  produce 
very  thin  films  over  the  particles  of  a  dense  mineral 
aggregate.  Use  of  a  more  viscous  product  resulting  in 
thicker  films  after  the  very  thorough  compaction  which 
has  taken  place  on  this  particular  section  would  prob- 
ably have  been  advantageous. 


Table   1. — Results  of  analysis  of  sections  of  bituminous  surfaces 

FLORIDA 


Section  1 

Section  2 

Section  3 

• 

Sample 
28 

Sample 
32 

Sample 
36 

Sample 
5 

Sample 
15 

Sample 
Wl 

Sample 
W7 

Sample 
W23 

Sample 
W29 

Sample 
W30 

Sample 
W31 

Bitumen 

J4-inch  to  10  mesh 

10  to40raesh 

40  to  80  mesh 

80  to  200  mesh 

Pass  200  mesh _ 

Extracted  bitumen: 
Penetration 

..per  cent.. 

do 

do.... 

do.... 

- do.... 

do-... 

5.5 
33.1 
20.0 
21.0 
13.2 

7.2 

138 

6.0 
24.8 
18.7 
22.2 
17.7 
10.6 

70 

7.4 
34.6 
17.2 
17.7 
16.4 

6.7 

195 

6.C 
19.1 
24.2 
27.3 
14.5 

8.8 

6.0 
25.9 
24.2 
24.1 
11.7 

8.1 

3.0 
21.1 

47.7 
20.3 
4.1 
3  8 

4.6 
39.8 
37.2 
11.7 
4.3 
3.4 

3.4 

26.7 

16.6 

41.9 

7.0 

4.4 

11.4 
51.6 
8.5 
22.6 
3.5 
2.4 

.102 

8.9 
47.7 
14.3 
22.2 
3.5 
3.4 

83 

7.0 
37.7 
16.2 
29.6 
5.0 
4.5 

64 

Float  test  at  122°  F.  (50°  C),  seconds  .----—     -- 

288 

198 

79 

231 

175 



1 

Bituminous  materials  used 

r            TC-1 

led 

TC-2 

OH-1,  modified 

OC-2 

OH-1,  modified 

TC-1 

OH-1,  modified 

\         or  •    -  " ' 

1-1,  moan 

SOUTH  CAROLINA 


Section  4 

Section  5 

Sam- 
ple 5 

Sam- 
ple 11 

Sam- 
ple 18 

Sam- 
ple 22 

Sam- 
ple 28 

8.7 

44.8 

18.9 

11.8 

8.4 

7.4 

HI 

Sam- 
ple 30 

Sam- 
ple 32 

Sam- 
ple 34 

Sam- 
ple 36 

5.8 

42.6 

22.4 

14.4 

8.2 

6.6 

Sam- 
ple 38 

Sam- 
ple 40 

Sam- 
ple 101 

Sam- 
ple 108 

Sam- 
ple 114 

Bitumen 

?4-inch  to  10  mesh- 

10  to  40  mesh 

40  to  80  mesh 

80  to  200  mesh - 

Pass  200  mesh 

per  cent.. 

do.... 

do.... 

- do...- 

do.... 

do       _ 

6.3 
22.0 
27.7 
19.6 
13.9 
10.5 

192 

6.3 
39.1 
21.3 
13.3 
10.9 

9.1 

181 

4.9 
55.3 
18.4 
9.5 
6.4 
5.5 

178 

6.3 
26.4 
24.4 
18.5 
14.0 
10.4 

185 

5.3 

4L3 

25.8 

13.2 

7.6 

6.8 

70 

5.1 
32.6 
27.6 
18.5 
9.4 
6.8 

69 

5.2 
32.8 
26.8 
16.7 
10.6 

7.9 

6.6 

42.2 

19.9 

15.2 

9.5 

6.6 

228 

7.6 
36.7 
23.2 
15.4 
9.2 
7.9 

145 

6.5 
31.5 
31.5 
12.7 

7.5 
11.3 

107 

5.4 
54.7 
19.1 
8.4 
5.9 
6.5 

115 

7.1 

43.8 

25.6 

10.8 

6.3 

6.4 

Extracted  bitumen: 

Penetration 

97 

Float  test  at  122*  F.  (50°  C.) 

seconds 

273 

249 

1 

Bituminous  materials  used 

f       TC-1 
1       OH-1 

OH-1 
LA-5 
AC-2L 

(•) 

LA-5 

AC-2L 

OC-2 
AC-2L 

(') 

LA-5 

AC-2L 

LA-5 
AC-2 

• 

(>) 
AC-2 

LA  ' 
AC 

-b 
-2L 

1  TC-1,  150-200  penetration  asphalt. 

APPENDIX  IV 

SPECIFICATIONS  TYPICAL  OF  THOSE  IN  USE  FOR  MATERIALS  AND 
METHODS  OF  CONSTRUCTING  TOPSOIL  AND  SAND-CLAY  SURFACES 

1  TOPSOIL  AND  NATURAL  SAND-CLAY  SURFACES 

NATURAL  MIXTURES 

Description. — This  item  shall  consist  of  topsoil  or  of 
a  natural  mixture  of  sand  and  clay  properly  propor- 
tioned, constructed  on  the  prepared  subgracle  in  con- 
formity with  the  lines,  grades,  compacted  thicluiess, 
and  typical  cross  section  shown  on  the  plans  and  in 
accordance  with  these  specifications. 

MATERIALS 

Surfacing  material. — The  surfacing  material  shall 
consist  of  topsoil  or  natural  sand-clay  obtained  from 
fields  or  pits  designated  by  the  engineer.  Before  any 
surfacing  material  is  used  it  shall  first  be  subjected  to 


laboratory  test  and  approved  by  the  engineer.     The 
surfacing  material  shall  be  free  from  foreign  matter  and 
shall  contain  no  stones  that  would  fail  to   pass 
inch  ring.     *     *     * 


1}^ 


CONSTRUCTION    METHODS 


Placing  and  mixing. — The  roadbed  between  the 
ditches  shall  be  dressed  to  a  true  and  uniform  surface 
before  the  soil  is  applied. 

The  approved  topsoil  or  natural  sand-clay  shall  be 
evenly  spread  on  the  subgrade  to  such  depth  that  when 
compacted  it  will  conform  with  the  finished  thickness 
shown  on  the  plans.  After  sufficient  material  has  been 
placed  for  approximately  100  lineal  feet  of  road  surface, 
and  before  any  part  of  the  material  has  commenced  to 
pack,  it  shall  be  spread  to  approximately  the  required 
cross  section.  The  spreading  may  be  done  with 
shovels  or  with  a  road  machine,  when  so  required.  The 
surfaced  portion  of  the  road  shall  then   be  harrowed 
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with  either  a  spike  tooth  or  disk  harrow  until  it  is  of 
uniform  texture.  Should  any  portion  of  the  surface 
of  the  topsoil  or  natural  sand-clay  mixture  become 
uneven  and  consolidate  in  that  condition,  the  contrac- 
tor will  be  required  to  thoroughly  break  same  by  plow- 
ing and  harrowing  and  to  reshape  the  surface"  at  his 
own  expense.  Should  the  surface  when  finally  shaped 
show  a  deficiency  in  thickness,  or  should  depressions 
occur  in  the  surface,  the  contractor  shall  scarify  or  plow 
such  sections  and  spread  additional  material  where 
required. 

Maintenance. — For  at  least  30  days  prior  to  final  ac- 
ceptance the  contractor  shall  maintain  the  surface 
under  public  traffic,  true  to  the  cross  section  specified, 
by  use  of  a  road  machine,  drag,  or  other  means  satis- 
factory to  the  engineer.     *     *     * 

2.  SAND-CLAY  SURFACES 

ARTIFICIAL    MIXTURE 

Description. — This  item  shall  consist  of  an  artificial 
mixture  of  sand  and  clay,  properly  proportioned  and 
mixed,  constructed  on  the  prepared  subgrade,  in  con- 
formity with  the  lines,  grades,  compacted  thickness,  and 
typical  cross-section  shown  on  the  plans  and  in  accord- 
ance with  these  specifications. 

MATERIALS 

Surfacing  material. — The  surfacing  material  shall  con- 
sist of  an  artificial  mixture  of  sand  and  clay.  The 
materials  for  such  artificial  mixture  shall  be  obtained 
from  places  designated  by  the  engineer. 

Before  any  surfacing  material  is  used  it  shall  first  be 
subjected  to  laboratory  tests  and  approved  by  the 
engineer.  The  surfacing  material  shall  be  free  from 
foreign  matter  and  shall  contain  no  stones  that  woidd 
fail  to  pass  a  1  Jo-inch  ring.     *     *     * 

CONSTRUCTION    METHODS 

Placing  and  mixing. — The  roadbed  between  the 
ditches  shall  be  dressed  to  a  true  and  imiform  surface 
before  the  sand  or  clay  is  applied.  The  contractor 
shall  haul  and  uniformly  place  upon  the  road,  in  ac- 
cordance with  the  specifications,  the  sand  or  clay 
selected,  as  hereinbefore  provided,  in  such  quantities 
as  may  be  directed  by  the  engineer.     *     *     * 

The  contractor  shall  mix  the  sand  or  clay  hauled 
with  the  sand  or  clay  in  the  subgrade  with  plow,  disk 
and  spike-tooth  harrow,  or  other  satisfactory  means, 
until  the  surfacing  material  is  of  uniform  texture. 

In  any  case  where  the  existing  roadway  is  composed 
of  sand  and  clay  which,  in  the  opinion  of  the  engineer, 
will  make  a  satisfactory  surface,  the  contractor  shall 
mix  and  shape  the  existing  surfacing  material  as  herein 
specified,  for  which  work  he  will  be  paid  the  unit  price 
per  square  yard  set  forth  in  the  attached  proposal  for 
mixing,  shaping,  and  finishing. 

Should  any  depressions  appear,  they  are  to  be  scari- 
fied and  filled  with  an  approved  sand-clay  mixture,  so 
that  the  finished  surface  will  conform  to  the  cross  sec- 
tion specified,  and  on  written  instruction  from  the 
engineer,  the  contractor  shall  at  any  time,  during  the 
term  of  this  contract,  apply  additional  sand  or  clay  to 
the  road  surface,  for  which  the  unit  price  set  forth  in 
the  attached  proposal,  and  above  referred  to,  will  be 
paid. 


Maintenance. — For  at  least  30  days  prior  to  final 
acceptance  the  contractor  shall  maintain  the  sand-clay 
surface  under  public  traffic,  true  to  the  cross-section 
specified,  by  use  of  a  road  machine,  drag,  or  other 
means  satisfactory  to  the  engineer. 

APPENDIX  V 

SPECIFICATIONS    TYPICAL    OF    THOSE    USED   IN    THE    BITUMINOUS 
SURFACE    TREATMENT    OF    SAND-CLAY    AND    TOPSOIL    ROADS 

Description. — This  item  shall  consist  of  a  bituminous 
surface  mat  constructed  on  the  prepared  road  surface 
in  accordance  with  the  specifications  and  in  conformity 
with  the  typical  cross  section  shown  on  the  plans  ancl 
with  the  lines  and  grades  as  staked  out  by  the  engineer. 
The  method  of  construction  shall  proceed  substan- 
tially as  follows  in  accordance  with  the  detail  require- 
ments of  these  specifications. 

(a)  Unless  the  road  to  be  treated  has  a  well-bonded 
surface,  true  to  the  established  crown  and  grade,  it 
shall  be  scarified,  reshaped  and  consolidated  under 
traffic  prior  to  surface  treatment. 

ih)  The  prepared  road  surface  shall  be  thoroughly 
swept  for  the  entire  width  of  the  treatment. 

(c)  A  prime  coat  of  light  bituminous  material  shall 
be  applied  by  means  of  a  pressure  distributor. 

id)  After  an  interval  of  about  24  hours,  as  directed 
by  the  engineer,  an  application  of  hot  bituminous 
material  shall  be  made  by  means  of  a  pressure  distribu- 
tor and  covered  immediately  with  coarse  mineral 
aggregate  and  rolled  at  once  with  a  power  roller. 

(e)'  After  a  period  of  not  less  than  two  nor  more 
than  six  months,  as  du-ected  by  the  engineer,  the  bitu- 
minous surface  shall  be  swept  for  its  entire  width  and 
a  seal  coat  of  bituminous  material  shall  then  be  applied 
by  means  of  a  pressure  distributor.  The  seal  coat  shall 
be  covered  immediately  with  fine  mineral  aggregate 
and  thoroughly  rolled. 

MATERIALS 

Bituminous  materials. — The  bituminous  materials 
shall  meet  the  following  requirements  for  the  purposes 
indicated. 

(A)  Tar  for  first  (prime)  application.  The  tar  shall 
conform  to  the  following  requirements: 

(a)    Water,  not  more  than  2  per  cent. 

(h)  Specific  viscosity,  Engler,  50  cubic  centimeters  at  40°  C. 
(104°  F.),  8  to  13. 

(c)    Distillation  test  on  water-free  material: 

Total  distillate,  by  weight,  0  to  170°  C.  (32  to  338°  F.), 
not  more  than  7  per  cent. 

Total  distillate,  by  weight,  0  to  235°  C.  (32  to  455°  F), 
not  more  than  20  per  cent. 

Total  distillate,  by  weight,  0  to  270°  C.  (32  to  518°  F.), 
not  more  than  30  per  cent. 

Total  distillate,  by  weight,  0  to  300°  C.  (32  to  572°  F.), 
not  more  than  35  per  cent. 
id)   Specific  gravity  at  25°/25°  C.   (77°/77°  F.)   of  total  dis- 
tillate to  300°  C.  (572°  F.),  not  less  than  1.01. 

(e)  Softening  point  (ring-and-ball  method)  of  residue  from 
distillation  test— not  more  than  60°  C.  (140°  F.) 

(/)  Total  bitumen  (soluble  in  carbon  disulphide) — 88  to  97 
per  cent. 

(B)  Asphalt  for  second  (hot)  application.  The 
asphalt  shall  be  homogeneous,  free  from  water,  and 
shall  not  foam  when  heated  to  175°  C.  (347°  F.).  It 
shall  meet  the  following  requirements: 

1.  Specific  gravity  25°/25°  C.  (77°/77°  F.),  not  less  than  1.000. 

2.  Flash  point,  not  less  than  175°  C.  (347°  F.). 

'Applies  to  South  Carolina  only,  other  States  apply  this  treatment  under  mainte- 
nance and  only  when  necessary. 
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3.  Penetration  at  25°  C.  (77°  F.),  100  grams,  5  seconds,  150 
to  200. 

4.  Loss  at  163°  C.  (325°  F.),  50  grams,  5  hours,  not  more  than 
2  per  cent. 

(a)  Penetration  of  residue  at  25°  C.  (77°  F.),  100  grams, 
5  seconds,  as  compared  to  penetration  before  lieating,  not 
less  than  60  per  cent. 

5.  Bitumen  (soluble  in  carbon  disulphide),  not  less  than  99.5 
per  cent. 

(a)  Organic  matter  insoluble,  not  more  than  0.2  per  cent. 

(C)  Cut-back  asphalt  for  third  (seal)  application. 
The  cut-back  asphalt  shall  conform  to  the  following 
requirements: 

1.  Specific  gravity  (at  25°  C),  not  less  than  0.92. 

2.  Specific  viscosity  (Engler),  at  50°  C,  15  to  25. 

3.  Flash  point  (open  cup),  not  less  than  90°  F. 

4.  Loss  by  evaporation,  50  grams,  5  hours  at  163°  C,  not  less 
than  23  per  cent. 

5.  Solubility  in  CCh,  not  less  than  99.8  per  cent. 

6.  Distillation: 

Total  distillate  at  100°  C,  not  more  than  5  per  cent 
(by  volume). 

Total  distillate  at  150°  C,  not  more  than  15  per  cent 
(by  volume). 

Total  distillate  at  205°  C,  not  more  than  35  per  cent 
(by  volume). 

Asphalt  content  at  100  penetration,  63  to  75  per  cent 

Coarse  mineral  aggregate. — The  coarse  mineral  aggre- 
gate used  for  cover  for  the  hot  asphalt  shall  consist  of 
approved  slag,  or  broken  stone  free  from  dust,  thin  or 
elongated  pieces,  dirt,  or  other  objectionable  matter 
occurring  either  free  or  as  a  coating  on  the  aggregate. 
Stone  from  which  it  is  produced  shall  have  a  per  cent 
of  wear  of  not  more  than  6  and  a  toughness  of  not  less 
than  5.  The  coarse  aggregate  shall  meet  the  following 
requirements : 

Retained  on  a  l)^-inch  screen  (circular  openings) None. 

Passing  a  IJ^l-inch  screen  (circular  openings) __per  cent..  90-100 

Passing  a  ^4-inch  screen  (circular  openings) do 25-  75 

Passing  a  }^-inch  screen  (circular  openings),  not  more 

than per  cent,.  10 

Fine  mineral  aggregate. — The  fine  mineral  aggregate 
used  for  cover  for  seal  coat  shall  conform  with  either 
of  the  following  sets  of  requirements. 

(a)  Crushed  limestone:  The  crushed  limestone  shall 
have  a  per  cent  of  wear  of  not  more  than  5  and  a  tough- 
ness of  not  less  than  8.  The  material  shall  meet  the 
following  grading  requirements : 

Passing  %-inch  screen  (circular  openings) per  cent..        100 

Passing    J^-incli    screen     (circular    openings)     not    more 

than per  cent. .  7 

{h)  Crushed  granite:  The  crushed  granite  shall  have 
a  per  cent  of  wear  of  not  more  than  5  and  a  toughness 
of  not  less  than  8.  It  shall  meet  the  following  grading 
requirements : 

Passing  ^-incli  screen  (circular  openings) per  cent_.  100 

Passing  }^-inch  screen  (circular  openings) do 25-75 

Passing    ^.^-inch    screen    (circular    openings),    not    more 

than per  cent-  -  25 

Passing  10-niesh  sieve,  not  more  than do 3 

CONSTRUCTION    METHODS 

Reshaping  existing  road  surface. — If  the  road  to  be 
surface  treated  is  not  well  bonded,  thoroughly  and 
evenly  compacted,  and  true  to  established  contour  and 
grade  it  shall  be  spiked,  harrowed,  bladed,  and  main- 
tained by  blading  or  dragging  for  a  period  of  at  least 
30  days  under  traffic  and  until  the  desired  condition  is 
obtained.  Traffic  shall  be  distributed  by  the  use  of 
suitable  barricades,  moved  from  time  to  time  so  that 
uniform  compaction  of  the  entire  surface  is  obtained. 


While  the  road  is  being  consolidated  under  traffic  a 
stabilizing  layer  ^  of  bank-run  washed  gravel  which  will 
pass  a  ^4-inch  screen  and  40  per  cent  of  which  will  be 
retained  on  a  }4-inch  screen,  shall  be  spread  over  the 
surface  at  the  rate  of  20  pounds  per  square  yard.  This 
stabilizer  shall  be  placed  after  the  surface  has  been 
brought  to  final  grade  and  contour.  During  main- 
tenance under  traffic  the  blader  shall,  from  time  to 
time,  be  so  operated  as  to  throw  back  onto  the  road 
any  loose  gravel  that  has  worked  onto  the  shoulder. 

Sweeping  prepared  road  surface. — -AH  dust,  dirt, 
caked  clay,  loose  and  foreign  material  shall  be  removed 
for  the  full  width  to  be  treated  by  sweeping  with  re- 
volving brooms  or  other  approved  mechanical  sweepers 
supplemented  by  hand  brooms.  Dust  or  other  loose 
material  in  depressions  or  other  places  not  reached  by 
mechanical  sweepers  shall  be  swept  with  hand  brooms. 
Particular  care  shall  be  taken  to  clean  thoroughly  the 
outer  edges  of  the  strip  to  be  treated,  especially  ad- 
jacent to  stock  piles  of  coarse  or  fine  aggregate  that 
may  have  been  placed  on  the  roadway,  and,  if  necessary, 
such  coarse  or  fine  aggregate  shall  be  shoveled  back 
before  brooming.  Sweeping  shall  continue  until  all  of 
the  dust  or  loose  dirt  is  removed  and  the  surfaces  of 
the  larger  size  aggregate  in  the  road  surface  are  exposed. 

General  requirements  jor  application  oj  bituminous 
materials. — Bituminous  materials  shall  not  be  applied 
on  a  wet  surface  nor  when  the  temperature  of  the  air 
is  less  than  50°  F.  in  the  shade,  provided  that  when  the 
engineer  so  directs,  the  asphaltic  seal  coat  only  may  be 
applied  when  such  temperature  is  not  less  than  40°.  F. 

AH  bituminous  materials  shall  be  applied  uniformly 
by  means  of  an  approved  pressure  distributor  for  the 
full  width  of  the  treatment  at  one  application  unless, 
due  to  the  impracticability  of  detouring  highway 
traffic,  the  engineer  directs  that  they  be  applied  to 
only  one-half  width  of  the  road  at  one  time.  If  the 
pressure  distributor  is  mounted  on  a  truck  having 
only  four  wheels,  it  shall  not  be  loaded  in  excess  of 
600  gallons  of  bituminous  material,  and  it  shall  be 
equipped  with  tires  having  a  sufficient  width  of  rub- 
ber in  contact  with  the  prepared  road  surface  to 
avoid  breaking  the  bond  of  or  forming  a  rut  in  such 
surfacing. 

The  distance  between  the  centers  of  openings  of  the 
outside  nozzles  of  the  manifold  shall  be  20  feet  within 
an  allowed  variation  of  2  inches.  The  outside  nozzle 
at  each  end  of  the  manifold  shall  have  an  area  of  open- 
ing not  less  than  25  per  cent,  nor  more  than  75  per 
cent  in  excess  of  the  other  nozzles,  which  shall  have 
uniform  openings. 

If  one  or  more  nozzles  should  become  blocked  during 
the  application  of  bituminous  materials,  the  distrib- 
utor shall  be  stopped  immediately  and  the  nozzle  or 
nozzles  cleaned  out  before  it  proceeds,  unless,  during 
the  application  of  prime  and  seal  coats  only,  the  en- 
gineer may  direct  that  application  be  continued  and 
subsequently  be  made  uniform  by  the  use  of  hand  hose 
equipped  with  nozzle,  or  hand-pouring  pots.  When  the 
engineer  directs  that  application  be  made  over  one-half 
width  of  the  road  at  one  time,  all  of  the  nozzles,  ex- 
cept the  one  toward  the  outside  of  the  road,  shall  have 
the  same  size  opening;  and  great  care  shall  be  taken  to 
see  that  there  is  a  slight  longitudinal  overlapping  of 
the  two  applications  along  the  center  line  of  the  road 
so  as  to  insure  complete  coverage.     In  all  cases  the 

'  This  stabilizer  is  used  in  Florida  when  directed  by  the  engineer. 
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distribution  shall  be  stopped  when  the  application  be- 
gins to  run  light,  just  before  the  distributor  tank  is 
completely  empty,  and  care  shall  be  taken  to  insure 
that  in  beginning  the  distribution  of  the  next  load  a 
proper  junction  is  made  with  the  preceding  work.  Any 
excess  of  bituminous  material  at  the  transverse  junc- 
tion between  distributor  loads  shall  be  removed  and 
corrected  in  a  satisfactory  manner,  and  any  parts  of 
the  surface  to  be  treated  which  is  not  covered  with 
bituminous  material  directly  from  the  distributor  shall 
be  covered  by  means  of  a  hand  hose  equipped  with 
nozzle,  or  hand-pouring  pot. 

In  addition  to  being  applied  uniformly,  each  dis- 
tributor load  of  bituminous  material  must  be  applied 
at  a  rate  within  10  per  cent  of  the  amount  per  square 
yard  hereinafter  specified.  If  the  contractor  should 
be  unable  to  keep  the  application  of  bituminous 
materials  consistently  within  this  allowed  variation, 
he  shall  discontinue  operation  until  he  can  provide  an 
operator  of  greater  experience  or  a  better  distributor 
or  both,  or  shall  take  such  other  precautions  as  may 
be  necessary  to  keep  the  application  within  these 
limits. 

Application  of  prime  coat. — The  bituminous  primer 
shall  not  be  heated  to  a  temperature  greater  than  150° 
F.  and  shall  be  applied  at  a  temperature  of  not  less 
than  125°  F.  It  shall  not  be  applied  until  the  road 
surface  has  compacted  and  bonded  under  traffic  to 
the  satisfaction  of  the  engineer,  nor  unless  the  surface 
conforms  to  the  typical  cross  section  shown  on  the 
plans  and  to  the  lines  and  grades  staked  out  by  the 
engineer,  and  then  only  when  the  surface  has  been 
properly  swept,  is  firm,  compact,  and  dry,  or,  if  the 
engineer  so  directs,  when  the  surface  is  slightly  damp 
but  with  no  signs  of  free  moisture  and  is  firm  enough 
to  show  no  appreciable  deformation  under  the  rear 
tires  of  a  loaded  distributor. 

After  the  prime  coat  has  been  applied,  and  unless  it 
is  impracticable  to  detour  highway  traffic,  the  con- 
tractor shall  keep  all  traffic  off  of  the  road  until,  in  the 
opinion  of  the  engineer,  the  bituminous  material  has 
penetrated  and  dried  out  so  as  not  to  pick  up  under 
traffic.  In  cases  where  traffic  is  permitted  by  the  en- 
gineer, the  contractor  shall  spread  the  minimum  neces- 
sary amount  of  approved  cover  material  over  the 
bituminous  primer  to  avoid  its  picking  up.  The  primer, 
whether  covered  or  not,  shall  be  applied  at  a  uniform 
rate  of  not  less  than  0.3  gallon  per  square  yard  and,  if 
the  engineer  so  directs,  at  any  increased  minimum  rate 
up  to  0.35  gallon  per  square  yard,  if  in  his  judgment  the 
road  surface  is  sufficiently  absorptive  to  warrant  such 
increase. 

The  contractor  shall  maintain  the  prime  coat  treat- 
ment intact  untU  it  shall  have  been  covered  by  applica- 
tion of  the  hot  asphalt.  He  shall  clean  out  any  spots 
where  the  prime  coat  may  have  failed,  due  to  disintegra- 
tion of  the  underlying  surfacing,  and  the  exposed  areas 
so  produced  shall  be  lightly  scarified,  dampened,  refilled 
with  selected  surfacing  material  similar  to  that  used 
in  the  adjacent  portion  of  the  road,  and  thoroughly 
tamped  while  still  damp  so  as  to  conform  with  the 
general  crown  and  surface  of  the  road,  after  which 
bituminous  primer  shall  be  applied  with  a  hand  hose 
equipped  with  nozzle  or  with  a  hand-pouring  pot.  If, 
however,  the  engineer  so  directs,  the  addition  of  new 
selected  surfacing  material  shall  be  omitted  in  making 


such  repairs,  in  which  case  the  bituminous  primer  shall 
be  reapplied  after  thorough  sweeping,  and  the  depres- 
sion filled  with  crushed  stone  so  as  to  bring  it  true  to 
grade  and  crown.  Should  failures  in  the  prime  coat 
occur  due  to  any  other  reasons,  the  contractor  shall 
repair  them  in  an  adequate  and  workmanlike  manner 
to  the  satisfaction  of  the  engineer  before  the  application 
of  hot  asphalt.  If  required  by  the  engineer,  the  primed 
surface  shall  be  thoroughly  swept  prior  to  application 
of  the  hot  asphalt. 

Application  of  hot  asphalt. — The  asphalt  shall  not  be 
heated  to  a  temperature  greater  than  350°  F.  and  shall 
be  applied  at  a  temperature  of  not  less  than  275°  F. 
It  shall  be  applied  at  a  uniform  rate  of  0.4  gallon  per 
square  yard  with  an  allowable  10  per  cent  variation 
and  only  when  the  prime  coat  is  firm  and  intact. 

Spreading  and  rolling  coarse  mineral  aggregate. — ■ 
Immediately  after  the  hot  asphalt  has  been  applied,  it 
shall  be  uniformly  covered  with  not  less  than  50  pounds 
of  coarse  aggregate  per  square  yard.  The  aggregate 
shall  be  spread  by  casting  it  with  shovels  in  a  longi- 
tudinal direction  from  pdcs  previously  placed  along  the 
shoulders  of  the  road  or  directly  from  trucks  or  l)y 
approved  mechanical  spreaders,  provided  such  trucks 
or  spreaders  do  not  drive  on  the  uncovered  asphalt. 
If,  due  to  the  impracticability  of  detouring  highway 
traflic,  the  engineer  may  have  directed  that  the  hot 
asphalt  be  applied  to  only  one-half  width  of  the  road 
at  a  time,  the  coarse  aggregate  shall  be  spread  only  to 
within  8  inches  of  the  edge  of  the  application  along  the 
center  of  the  road  until  the  hot  asphalt  shall  have  been 
applied  to  the  remaining  half  of  the  road. 

The  spreading  of  coarse  aggregate  shall  at  all  times 
1)0  kept  to  within  not  less  than  700  feet  from  where  the 
hot  asphalt  is  being  applied  and,  immediately  after 
spreading,  two  men  equipped  with  hand  brooms  shall 
broom  off  all  high  spots  where  the  coarse  aggregate 
has  been  spread  too  thick. 

Immediately  after  spreading  and  bi'ooming  the 
coarse  aggregate  shall  be  rolled  with  a  power  roller 
weighing  not  less  than  5  nor  more  than  10  tons.  Roll- 
ing shall  proceed  in  a  longitudinal  direction  beginning 
at  the  outer  edges  of  the  treatment  and  working  toward 
the  center,  each  trip  overlapping  the  ])rior  trip  by 
about  one-half  the  width  of  the  front  roll.  The  first 
rolling  of  the  coarse  aggregate  must  be  completed 
within  one-half  hour  after  it  has  been  spread.  Rolling 
shall  be  continued  until  a  uniformly  closed  surface  has 
been  obtained.  Traffic  shall  be  allowed  to  use  the  road 
as  soon  as  the  coarse  aggregate  has  been  spread,  and 
after  several  days  of  such  traffic,  all  loose  aggregate  shall 
be  broomed  evenly  over  the  surface  and  again  rolled 
as  specified  above. 

Sweeping  surface  treatment. — Immediately  before  the 
application  of  the  asphaltic  seal  coat  the  surface  treat- 
ment shall  be  thoroughly  swept  for  its  entire  width  until 
free  from  loose  and  extraneous  material. 

Application  of  asphaltic  seal  coat. — The  cut-back 
asphalt  used  for  the  seal  coat  shall  not  be  heated  to  a 
temperature  above  that  of  its  flash  point,  and  shall  be 
applied  at  a  temperature  of  not  less  than  20°  F.  below 
that  of  its  flash  point.  It  shall  be  applied  only  when 
the  surface  treatment  is  clean,  firm,  and  intact,  and 
free  from  any  signs  of  moisture.  It  shall  be  applied 
at  a  uniform  rate  of  0.2  gallon  to  0.25  gallon  per  square 
yard  as  directed  by  the  engineer. 
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Spreading  fine  aggregate. — As  soon  as  the  asphaltic 
seal  coat  has  been  apphed,  it  shall  be  uniformly  covered 
immediately  with  20  pounds  per  square  yard  of  fine 
aggregate.  The  aggregate  shall  be  spread  by  casting 
it  with  shovels  in  a  longitudinal  direction  from  piles 
previously  placed  along  the  shoulders  of  the  road,  or 
directly  from  trucks  or  by  approved  mechanical 
spreaders,  provided  such  trucks  or  spreaders  do  not 
drive  on  the  uncovered  asphaltic  seal  coat.  If,  due  to 
the  impracticability  of  detouring  highway  traffic,  the 
engineer  may  have  directed  that  the  asphaltic  seal  coat 
be  applied  to  only  one-half  the  width  of  the  road  at  a 
time,  the  fine  aggregate  shall  be  spread  only  to  within 
8  inches  of  the  edge  of  the  application  along  the  center 
of  the  road  until  the  asphaltic  seal  coat  shall  have  been 
applied  to  the  remaining  half  of  the  road.  Fine  aggre- 
gate shall  be  spi-ead  as  soon  after  the  application  of  the 
asphaltic  seal  coat  as  may  be  practicable  and  within 
not  less  than  one  hour  after  said  application,  unless  the 
engineer  directs  the  contractor  to  delay  such  spread- 
ing to  not  exceeding  six  hours  when  for  any  reason 
the  cut -back  asphalt  is  absorbed  more  slowly  than 
usual. 

After  the  fine  aggregate  has  been  spread,  it  shall  be 
dragged  with  a  broom  drag  which  shall  be  long  enough 
to  cover  either  one-half  or  the  full  width  of  the  treat- 
ment, and  which  shall  be  hinged  at  points  not  farther 
apart  than  one-fourth  of  the  width  of  the  treatment, 
so  that  it  will  conform  to  the  crown  thereof.  This 
dragging  shall  be  repeated  from  time  to  time  as  directed 
until  the  seal  coat  shall,  in  the  opinion  of  the  engineer, 
have  set  up  sufficiently  so  that  continued  dragging 
would  not  materially  improve  the  riding  qualities  of 
the  completed  surface  treatment.  It  shall  then  be 
rolled  with  a  power  roller  weighing  not  less  than  5  nor 
more  than  10  tons.  Rolling  shall  proceed  in  a  longi- 
tudinal direction  beginniiig  at  the  outer  edges  of  the 
treatment  and  working  toward  the  center,  each  trip 
overlapping  the  prior  trip  by  about  one-half  the  width 
of  the  front  roll.  The  rolling  shall  be  repeated  fxom 
time  to  time  while  the  seal  coat  is  setting  up  as  may  be 
necessary  to  firmly  imbed  the  fine  aggregate  in  the 
asphaltic  seal  coat  and  produce  a  uniformly  closed 
surface. 

During  the  period  of  about  two  or  three  days  that 
dragging  and  rolling  may  be  necessary,  the  contractor 
shall  respread  the  fine  aggregate  that  may  be  whipped 
to  the  sides  by  traffic.  Such  respreading  shall  be  done 
with  shovels,  hand  brooms,  or  revolving  broom,  as 
and  when  directed  by  the  engineer,  so  as  to  prevent 
"  bleeding,"  and  to  avoid  the  possibility  of  the  asphaltic 
seal  coat  "picking  up"  under  traffic.  If  the  repeated 
respreading  of  the  fine  aggregate  is  inadequate  for  this 
purpose  and  the  engineer  so  directs,  the  contractor 
shall  spread  additional  fine  aggregate  as  may  be  neces- 
sary to  prevent  such  "bleeding"  or  "picking  up." 

The  contractor  shall  keep  traffic  off  the  road  from 
the  time  the  asphaltic  seal  coat  is  applied  until  in  the 
opinion  of  the  engineer  it  has  set  up  sufficiently  to 
prevent  the  displacement  of  the  fine  aggregate  by 
traffic. 

Maintenance. — The  contractor  shall  maintain  the 
road,  including  slopes,  ditches,  and  surface  treatments, 
from  the  time  his  operations  begin  until  30  days  after 
final  completion  of  any  continuous  section  of  road 
included  in  his  contract. 


APPENDIX  VI 

CONSTRUCTION  AND  MAINTENANCE  COSTS 

Table  1. — Construction  and  maintenance  costs  of  surface  treated 

roads 

FLORIDA 


Section  and 
road 


4-1.. 

Miles 
12.0 
14.4 
17.7 
20.3 
20.3 
19.0 
20.3 
19.9 
18.1 
10.2 
9.0 
8.0 
9.5 
11.0 
18.0 
6.8 
13.5 
13.5 
7.0 
18.0 
7.0 
6.0 
19.2 
10.4 

6-1 

7-1 

8-1 

9-1. 

10-1 -. 

U-1 

12-1. 

1-6 

2-6 

3-6 

4-0- 

1-33.     . 

1-20.. 

4-10 

1-123.- 

6-6- 

2-10.      . 

6-6-. 

3-10 

17-1 

16-1 

8-10.    .. 

9-10-. 

Type  of 
base 


Sand-clay 

...do 

...do 

...do 

...do 

...do. 

...do 

...do 

...do 

...do 

...do 

...do 

...do 

..do 

..do 

..do , 

Topsoil.. 
Lime  rock, 

..do 

..do 

..do 

..do 

..do 

..do 


Surface  treatment  con- 
struction 


Date  con- 
structed 


August,  1927... 

July,  1927 

June,  1927 

May,  1927 i 

December,  1928 

April,  1927 

March,  1927.. ..i 
October,  1927... 
November,  1927 
October,  1928... 
March,  1929'.. 

do- 

February,  1929 ». 
April,  1928'.... 
January,  1928.. 
October,  1928... 
December,  1928 1 

do... ! 

November,  1927 
October,  1928... I 
October,  1927...: 

do 

August,  1928... 
September,  1928 


$2, 019 
2,078 
2,078 
2,031 
1.900 
2,195 
2,782 
2,380 
2,298 
2,436 
2,078 
2,219 
1,600 
2,207 
2,583 
2,219 
2,383 
2,230 
2,383 
2,583 
2,  231 
2,231 
2,137 
2,759 


Annual   mainte- 
nance cost  per 
mile,  surface  only 


180 
193 
234 
223 
362 
183 
170 


$144 
148 
157 
214 
200 
315 
175 
158 
172 
168 


145 
135 
224 


106 
84 
58 
58 
80 
60 


$54 

57 

59 

80 

61 

68 

65 

71 

86 

65 

'55 

'75 

<62 


24 

114 

11 

9 

8 

10 

10 

24 

21 


SOUTH  CAROLINA 


4-F.  A.  231-. 

20.3 

Topsoil... 

Spartanburg 
to  Inman.. 

7.0 

...do 

5715.2 

8.0 

...do 

July,  1926 »$2,850 


May,  1924- 
June,  1925.. 


2,300 
1,985 


$416  I  $241 
(1925);  (1926) 

385  '     258 

(1926)1(1927) 

284       343 


800 


(«)     1, 100 
(1928), 
277       834-f- 


'  Based  on  first  5  months  of  1929  unless  otherwise  indicated. 

'  Partly  constructed. 

'  Based  on  2  months  of  1929. 

<  Based  on  3  months  of  1929. 

•  Includes  seal-eoat  treatment. 

•  Not  over  $300  in  1927. 

Table  2. — Maintenance  costs  of  untreated  topsoil  and  sand-clay 

roads 

SOUTH  CAROLINA  1926 


Number 
of  projects 


Years 

Total 

service 

length 

Miles 

6-1- 

20.17 

6-1- 

12.15 

5 

75.36 

5 

67.4 

4 

73.7 

4 

144.6 

3 

4.8 

3 

181.7 

2 

28.3 

2 

74.5 

1 

42.8 

1 

73.2 

Annual  maintenance  cost  per  mile 


Topsoil 


Maxi- 1  Mini- 
mum ;  mum 


$890 
""850" 


240 


420 
"330' 
'570' 
'48O' 


220 
"140' 

"ii5' 

'250' 


Weighted 
average 


$773 


429 
"325' 
""243 
'"383' 
"326' 


Sand-clay 


Maxi- 1  Mini- 
mum   mum 


$560      $280 


610 
'730":' 


150 
'136' 


710 
'540' 


230 
'230" 


Weighted 
average 


$560 


449 

"•iii" 

'428" 

"447" 


TrafBc, 
weight- 
ed 
daily 


853 
177 
415 
496 
308 
347 
318 
332 
406 
351 
332 
290 


GEORGIA 

1-. 

4 

4 

3.8 
8.9 

$243 
239 

$169 
169 

■  $200 
1200 

356 

1 

318 

1  Average  for  4  years. 
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THE  ARLINGTON   CURING  EXPERIMENTS 

A  STUDY  OF  THE  EFFECTS  OF  VARIOUS  CURING  TREATMENTS   ON    CONCRETE    PAVEMENT    SLABS 

Reported  by  L.  W.  TELLER,  Senior  Engineer  of  Tests  and  H.  L.  BOSLEY,  Assistant  Materials  Engineer,  Division  of  Tests,  Bureau  of  Public  Roads 

THERE  is  a  widespread  interest  among  engineers 
in  curing  methods  for  concrete  pavements.  It  is 
generally  realized  that  these  pavements  should  be 
cured  but  there  is  a  lack  of  definite  information  as  to 
just  what  constitutes  an  adequate  curing  method. 
Concrete  slabs,  whose  surfaces  have  had  no  protective 
curing  treatment,  have  been  found  to  have  a  very  con- 
siderable strength  and  service  value.  The  improvement 
in  the  quality  of  the  concrete  obtained  by  careful  curing 
may  be  very  marked  or  it  may  not  be,  depending 
largely  upon  the  climatic  and  other  conditions  to  which 
the  fresh  concrete  is  subjected.  Conceivably  there  are 
conditions  under  which  a  pavement  slab  will  benefit 
but  little  from  even  the  best  of  curing  treatments. 
However,  by  far  the  greater  yardage  of  concrete  pave- 
ment is  laid  during  the  hot,  dry  summer  months  and 
under  these  conditions  it  is  an  accepted  fact  that  curing 
of  some  sort  is  necessary. 

FINAL   CONCLUSIONS  CAN    BE    BASED  ONLY    ON  A  LARGE  NUMBER 
OF  TESTS  CONDUCTED  IN  DIFFERENT  PARTS  OF  THE  COUNTRY 

Earth  curing  has  been  widely  used  and  it  has  been 
demonstrated  many  times  that  this  method,  properly 
carried  out,  is  a  very  satisfactory  one,  so  far  as  strength 
of  the  resulting  concrete  is  concerned.  There  are  two 
principal  disadvantages  to  the  method:  First,  the  cost, 
arising  from  the  large  amount  of  material  which  must 
be  handled  and  from  the  fact  that  the  water  supply  must 
be  maintained  for  the  duration  of  the  curing  period; 
and,  second,  the  possibilities  of  controversy  between  the 
engineer  and  the  contractor  over  compliance  with  the 
curing  specifications.  This  difficulty,  too,  tends  toward 
increased  cost. 

Several  other  methods  of  curing,  involving  the  use  of 
other  materials,  have  been  promoted  and  because  of 
the  possibilities  for  economy,  they  are  receiving  serious 
consideration  wherever  concrete  pavements  are  being 
laid.  In  an  effort  to  determine  the  advantages  and 
disadvantages  of  these  various  curing  treatments  a 
number  of  investigations  or  tests  have  been  conducted 
by  the  various  State  highway  departments  and  other 
agencies.  The  findings  of  the  different  investigators 
have  not  been  wholly  concordant  and  engineers,  in 
general,  have  not  been  entirely  satisfied  with  the 
information  available. 

Curing  tests  shoidd  be  made  on  large  specimens, 
under  carefully  controlled  conditions,  and  the  observa- 
tions should  cover  a  long  period  of  time.  It  is  very 
difficult  to  meet  all  of  these  requirements.  Tempera- 
ture and  humidity  are  of  vital  importance,  yet  they  can 
be  controlled  only  in  the  laboratory.  Specimens  which 
can  be  handled  in  the  laboratory  are  not  well  suited  to 
a  study  of  pavment  concrete  because  of  their  limited 
size.  Large  field  specimens,  such  as  actual  road  slabs, 
may  be  affected  to  as  great  a  degree  by  varying  weather 
conditions  as  by  the  differences  between  the  different 
curing  methods.  These  difficulties  have  confronted  the 
various  investigators  who  have  sought  to  overcome 
them  in  different  ways  and  with  varying  degrees  of 
success.  Because  of  these  uncertain  influences  it 
appears  that  accurate  information  and  sound  conclu 
sions  can  be  arrived  at  only  by  a  thorough  study  of  the 
indications  from   a  large  number  of  tests  conducted 
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Figure  1. — Finishing  a  Section  Containing  ?4-inch  De- 
formed  Bars 

under  the  different  climatic  conditions  of  the  various 
parts  of  the  country. 

The  Bureau  of  Public  Roads  has  recently  completed 
a  study  of  the  data  obtained  from  curing  experiments 
at  the  Arlington  Experiment  Farm,  Virginia.  The  de- 
tails of  this  investigation  and  a  summary  of  the  indica- 
tions are  set  forth  in  the  following  report  which  is 
presented  not  as  conclusive  evidence  for  or  against 
any  of  the  treatments  tried  but  rather  as  additional 
evidence  regarding  them. 

Because  of  the  opportunity  afforded  by  these  tests 
for  obtaining  further  information  concerning  the  in- 
fluence of  various  quantities  of  steel  reinforcement  on 
the  behavior  of  concrete  slabs,  a  number  of  reinforced 
sections  were  added  to  the  original  program.  The 
observations  made  on  these  sections  are  included  in 
the  report. 

The  object  of  the  tests  was  simply  to  develop  as 
much  information  as  possible  regarding  the  effect  on 
concrete  pavements  of  a  number  of  curing  methods 
and  materials. 

Broadly,  the  scheme  of  the  tests  was  to  construct  a 
series  of  long,  narrow  concrete  slabs  of  identical  mix 
and  general  dimensions,  to  apply  to  these  the  various 
treatments  whose  effects  it  was  desired  to  observe  and 
then  to  note  these  effects  in  various  ways  and  over  an 
extended  period  of  time.  In  order  to  obtain  complete 
information  concerning  conditions  which  might  have  a 
bearing  on  the  results,  many  collateral  tests  and 
observations  were  necessary.  The  effects  described  in 
this  report  are  due  to  exposure  to  the  elements  only,  as 
no  loads  of  any  kind  were  applied  to  the  test  sections. 

A  preliminary  report  on  this  investigation  was  pub- 
lished in  Public  Roads  for  December,  1926.  The  re- 
port contained  a  general  description  of  the  project, 
together  with  a  few  preliminary  indications  from  data 
available  at  that  time. 
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TEST  CONDITIONS  DESCRIBED 

The  series  of  test  sections  consisted  of  40  slabs,  each 
200  feet  long,  24  inches  vnde  and  6  inches  thick.  Con- 
struction was  begun  during  the  latter  part  of  July, 
1926  and  completed  early  in  August.  The  mix  used 
was  1:2:4,  proportioned  by  loose  volume,  with  a 
correction  for  the  bulking  of  the  sand.  The  attempt 
was  made  to  have  the  concrete  of  a  uniform  consistency 
but  in  spite  of  all  precautions  some  variation  occurred. 
Careful  notes  were  taken  of  these  variations  and  their 
location.  There  appears  to  be  no  connection  between 
the  observed  behavior  of  the  sections  and  the  observed 
variations  in  the  consistency  of  the  concrete.  The 
aggregates  used  were  Potomac  River  sand  and  Potomac 
River  gravel.  The  cement  was  all  of  one  brand  and 
was  tested  prior  to  use. 

Subgrade  conditions  were  extremely  uniform  under 
the  entire  group  of  sections  both  as  to  soil  and  topog- 
raphy. The  weather  during  the  period  of  construction 
was,  in  general,  hot  and  the  humidity  fairly  low. 
Every  efl'ort  was  made  to  place  the  concrete  at  such 
a  time  as  to  expose  it  under  the  most  adverse  con- 
ditions possible  in  this  section  of  the  country.  Figure  1 
shows  a  view  of  the  construction. 

As  mentioned  before,  a  number  of  sections  contained 
steel  reinforcement;  others  were  divided  by  construc- 
tion joints  into  segments  of  various  lengtli.  Under 
some  of  the  sections  the  subgrade  was  very  dry;  under 
a  few  it  was  damp;  and  under  another  group  it  was 
thoroughly  wetted.  The  details  of  construction  and  of 
the  curing  treatments  applied  are  given  in  Table  1. 
Figure  2  shows  the  application  of  some  of  the  curing 
treatments. 

In  general,  the  variables  introduced  were  such  that 
information  would  be  had  on  the  efl'ect  on  concrete 
pavements  of  such  factors  as  the  following: 

1.  Moisture  in  the  subgrade. 

2.  Covering  the  subgrade  with  tar  pai)er. 

3.  Surface  curing  with  earth,  straw,  burlap,  bitumi- 
nous materials,  calcium  chloride  and  sodium  sihcate. 

4.  Curing  with  calcium  chloride  mixed  integrally. 

5.  Slab  length. 

G.  Various  amoimts  of  steel  reinforcement. 

The  effects  of  these  factors  on  the  different  sections 
were  observed  over  a  period  of  more  than  two  and  one- 
half  years,  and  additional  data  were  obtained  from 
numerous  tests  and  studies  made  in  conjunction  with 
the  curing  slabs  during  this  time.  The  most  important 
information  was  obtained  from  the  following  observa- 
tions and  tests: 

1.  Transverse  cracking  of  the  test  sections. 

2.  Local  shrinkage  cracking. 

3.  Visual  inspection  of  the  slab  surfaces. 

4.  Tests  for  surface  hardness. 

5.  Loss  of  moisture  from  the  concrete  during  the 
curing  period. 

G.  Tests  on  control  specimens. 

7.  Subgrade  friction. 

8.  Effect  of  steel  reinforcement  on  volume  change. 
The  purpose  of  careful  curing  is  to  obtain  a  pavement 

structure  which  is  sound  and  strong,  and  the  ideal 
curing  procedure  is  one  which  insures  the  structure 
against  stresses  beyond  its  strength  during  the  curing 
period  and  which  leads  (o  the  development  of  a  high 
final  strength.  The  principal  stresses  against  which  the 
concrete  pavement  slab  must  be  protected  during  the 
curing  period  are  those  produced  by  the  tendency  of  the 


Table  1. — Details  of  construction  and  curing  of  the  test  slabs 


Pec-|  .Subgrade 
tion  condition 


1  Dry. 

2  ...do. 

3  !...do. 

4  !...do. 


0 


...do. 
...do. 


7  ...do. 

8  '...do. 

9  ...do. 

10  L..do. 

11  L..do. 

12  ...do. 


...do.. 
...do.. 
...do.. 


17  :...do_ 


...do. 
..do. 
..do. 


21  I  .-do... 
Damp. 


..do. 
..do. 


Wet. 


-.do. 
..do. 


--do., 
--do-. 


Rpinforcement 


None.- 

do- 

do- 

do- 


.--do- 
-.-do. 


-do. 


2  54-incli 

foriiietl 
2  J^-inch 

formed 
2  !i2-incli 

formed 
2  H-\mh 

formed 
2  M-incli 

paint 

greased 
2  H-in«li 

formed 
2  54-ineh 

formed 
None 


round  de- 
bars. 

round  de- 
bars. 

round  de- 
bars. 

round  de- 
bars. 

plain  bars 
e  d     a  n  d 

round  de- 
bars. 

round  de- 
bars. 


Length  of  test 
slabs  in  feet 


43.8  pound  fabric- 
23.6-pound  fabric- 
4a.8-pound  fabric- 
None 


.-do- 
.-do- 


-do- 
-do- 


-do- 


-do- 
-do- 


30 

...do 

31 

...do 

32 

...do 

33 

34 
35 

...do 

...do 

...do 

3,1 

--.do 

37 

.--do 

38 

.--do 

39 

.-.do 

40 

...do 

41 

...do 

...do 

do 

do 

do.. 

43.8-pound  fabric... 

23.6-pound  fabric... 

43.8-pound  fabric... 

2  H-inch  round  de- 
formed bars. 

2  ?i-inch  round  de- 
formed bars. 

2  ;^-inch  round  de- 
formed bars. 

2  fi-inch  round  de- 
formed bars. 

2  !.^-ineli  round  de- 
formed bars. 

2  M-inch  round  de 
formed  bars. 

None 


200 

20,  30,  40,  50,  60 
200 
200 


200 
200 

200 
200 
200 
200 
200 
200 

20,  30,  40,  50,  60 

20,  30,  40,  50,  60 

200 


Curing  method 


20, 30,  40.  50, 


200 
200 
0,60 
200 

200 

200 


20, 30, 40,  50, 60 
200 

200 

20, 30,  40,  50, 60 
200 


200 
200 

200 

200 

200 

200 

20,  30,  40,  50,  60 

200 


None. 

Do. 
Tar  after  24  hours. 
Calcium    chloride    after    24 

hours,  2  pounds  per  square 

yard. 
Sodium  silicate  (4 : 1)  after  24 

hours. 
Calcium    chloride    after    24 

hours,  3  pounds  per  square 

yard. 
Tar  paper  on  subgrade;  tar 

after  24  hours. 
None. 

Do. 

Do. 

Do.^ 

Do. 


D  . 

Do. 

Calcium  chloride  admixture, 

2  per  cent. 
None. 
Do. 
Do. 
Dry  eartli,  after  24  hours,  for 

13  days. 
Dry  straw,  after  24  hours,  for 

13  days. 
Wet  earth,  after  24  hours,  for 
13  aays. 
Do, 
Wet  straw,  after2  4  hours,  for 

13  days. 
Wet  burlap  for  24  hours,  then 
wet  earth  for  13  days. 
Do. 
Wet  burlap  for  24  hours,  then 
calcium  chloride  2  pounds 
per  square  yard. 
Wet  burlap  for  24  hours,  then 

sodium  silicate  (4:1). 
Calcium    chloride    after    24 
hours,  2  pounds  per  square 
yard. 
Sodium  silicate  (4  : 1)  after  24 

hours. 
Calcium  chloride  adnii.tture, 

2  per  cent. 
Wet  burlap  for  24  hours,  then 
wet  earth  for  13  days. 
Do. 
Do. 
Do. 


200 

Do. 

200 

Do. 

200 

Do. 

20, 30,  40,  50, 60 

Do. 

20,  30,  40,  50, 60 

Do. 

200 

Asphalt  emulsion  sprayed  on 
immediately  after  concrete 
was  finished. 

concrete  to  change  its  volume  because  of  moisture  or 
temperature  changes.  Thus  a  curing  treatment  which 
tends  to  reduce  the  range  of  either  or  both  of  these 
changes  offers  advantages  over  a  treatment  which  does 
not.  In  general,  the  more  complete  the  hydration  of 
the  cement  the  greater  will  be  the  final  strength  of  the 
concrete.  For  this  reason  it  seems  that  a  satisfactory 
curing  process  is  one  which  insures  that  the  cement 
has  available  at  all  times  the  moisture  required  for 
hydration. 

TESTS  SHOW  THAT  CURING  CONDITION  AFFECTS  SLAB  LENGTH 

Shrinkage  in  concrete  pavement  slabs  during  and  after 
the  initial  hardening  period,  either  from  loss  of  mois- 
ture, drop  in  temperature,  or  both,  acting  in  conjunc- 
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Applying  tar  to  the  surface  approximately  21 
hours  after  i)lacing 


Brnnming  sodium  sihpate  '4  parts  sodium  silioafe 
42  Baupic  to  1  part  water)  on  the  surface 
approximately  24  liours  after  iilacing 


Spreading  the  flake  calcium  chloride  (2  pounds 
per  square  yard)  on  the  surface  of  section  4,  ap- 
proximately 24  hours  after  placing 


Figure  2. — Applying  Curing  Treatment  to  Sections 


tion  with  the  subgrade  resistance,  sets  up  tensile 
stresses  which  cause  cracks  to  form  in  the  concrete. 
These  may  be  either  complete  transverse  or  short 
localized  cracks.  Transverse  cracks  occur  at  greater 
intervals  than  do  local  shrinkage  cracks  and  generally 
differ  in  that  they  are  longer,  wider,  and  extend  to  the 
bottom  of  the  concrete,  whereas  cracks  of  the  other 
type  develop  in  the  surface  of  the  concrete  and  usually 
are  not  over  a  foot  or  so  in  length. 

Figure  3  shows  the  transverse  cracks  that  developed 
in  the  different  sections,  and  the  age  of  the  concrete,  in 
days,  at  the  time  the  crack  was  first  observed.  A  study 
of  this  figure  shows  that  the  sections  which  were  placed 
on  a  wet  subgrade  and  provided  with  good  surface 
curing  developed  fewer  early  transverse  cracks  than 
those  placed  on  a  dry  subgrade.  This  was  to  be  expected 
in  view  of  the  lower  loss  of  moisture,  lower  shrinkage 
and  lower  subgrade  resistance  during  the  period  when 
the  concrete  had  the  least  strength. 

Since,  in  general,  the  sections  placed  on  the  dry  sub- 
grade  had,  in  addition,  delayed  or  otherwise  less  effec- 
tive curing  than  the  sections  which  were  placed  on  the 
wet  subgrade,  it  was  possible  to  arrange  the  sections  in 
two  groups  and  to  obtain  a  general  indication  as  to  the 
effect  of  curing  on  slab  length.  Figure  4  shows  the  data 
concerning  slab  length  for  each  of  these  groups  fi'om  the 
time  the  sections  were  laid  up  to  and  including  the 
2/2-year  period. 

These  curves  show  that  concrete  cured  under  poor 
conditions  developed  most  of  the  transverse  cracks 
during  the  early  period  after  placing,  and  resulted  in  an 
average  slab  length  of  approximately  34  feet  at  seven 
daj^s,  and  approxiniatel_v  29  feet  at  two  and  one-half 
years.  Under  good  conditions  of  curing  the  average 
slab  length  at  seven  daj's  is  approximately  118  feet 
and  approximately  36  feet  at  two  and  one-half  years. 


Where  bituminous  materials  were  applied  to  the 
surface  of  the  concrete  as  a  curing  agent,  there  was  an 
increase  in  transverse  cracking  above  the  average  for 
those  sections  (in  their  respective  group)  that  were 
untreated  or  were  treated  with  other  than  bituminous 
materials.  This  is  clearly  shown  by  section  41,  which 
was  ti'eated  with  asphalt  emulsion  immediately  after 
finishing.  The  increased  early  transverse  cracking  on 
this  section  over  that  of  others  in  the  same  group 
can  possibly  be  attributed  to  the  effect  of  the  black, 
heat-absorbent  surface  which  served  to  increase  the 
temperature  range  of  the  concrete  thereby  causing 
higher  stresses  in  it  during  the  period  in  which  it  was  of 
low  strength. 

Section  7,  placed  on  tar  paper  and  surface  treated  with 
tar  the  following  morning,  shows  a  similar  increase  in 
transverse  cracking  after  the  bituminous  material  was 
applied. 

BLACK   COATING    CAUSED   HIGHER   TEMPERATURES 

When  the  sections  were  laid  thermocouples  were 
embedded  in  the  concrete  at  several  points  at  three 
different  depths  (1  inch,  3  inches,  and  5  inches  from  the 
upper  surface)  and  in  the  subgrade  1  inch  below  the 
concrete.  From  these  thermocouples  temperatures 
were  determined  ])eriodically  over  a  period  of  about 
two  weeks  immediately  following  the  placing  of  the 
concrete.  Among  the  sections  in  which  these  measure- 
ments were  made  were  two  which  had  bituminous 
treatments  after  24  hours  (sees.  3  and  7),  one  which  had 
!i  dry  earth  covering  after  24  hours  (sec.  20),  one 
which  had  wet  burlap  for  24  hours  followed  by  wet 
earth  for  13  days  (sec.  25),  and  one  which  had  no 
curing  treatment  (sec.  1~!.  The  temperature  variations 
for  each  of  these  five  sections,  for  the  only  24-hour 
period    during    which    continuous    observations    were 


216 


PUBLIC    ROADS 


Vol.  10,  No.  12 


.1                           ■"                ^I         »»I                                -l                                   '(                                                                 1                        .1                ■        ;T ■    ■     - 

3 

2  1                                        1           ..01                                           1                                                                                   1                                                                                                        11                 .1 

3  1                   till                                            wH                                          ^'!\       si                                                               si                            ).M                       ».jI             s|                                                                   s| 

4l          „.i                                   H                             .1                                                 .1                                          .1                      .1      >„; 

■1 

'1 

1 

..>1 

■1 

'1 

.1 

1 

...1 

.\ 

nl 

7  [ 

...1 

1    .1 

.1 

J 

■1 

'..| 

l( 

_. 

15  1                                                     ,/                                                                                .!                                                                ,1                                              .(                                          .( 

20  1 

■M                          ,| 

■T                  >-W 

■ 

.,! 

' 

■ 

s 

2<   1 

_        ■ 

,1 

'1 

■ 

■ 

■ 

ffi 

0  1                                                                                                                    .Is!                                                                   <|                                                            >l 

S 
10 

9    1                                                                                                                                               '(                                                                                                                           S/                                                                                                   5|                                        BJ 

.0  1 

'1 

■1               ■! 

'1 

i|                 >1    .( 

_  .' 

.      ' 

> 

' 

' 

• 

12  ( 

'1 

'1 

'1 

1 

'1 

is 

• 

' 

13  1                               D                                              B                                                              U                                                                             II 

14  I                                                1                                       ^                                II                                                                                                 II                                                                                                                         11 

IT  1                                                                                          bi                    el                                                                              *[                                  21                                                      «! 

a      16  1 

>1 

.1 

. 

5 

s 

'1 

1..I 

. 

' 

■ 

24 

3 

H      24  1                                                            >Js!                                                                                                                                                                                  .1                                                                                         >»l 

= 

ti 

26 
27 
29 

27!                                                      )j>l                                if              .Jsl                                                              )»sl               M                                          =s*I                                         )i 

28  [ 

■1 

'/ 

,.|                                            ,| 

2,1                                                                 .1                                                                .1                                                                                                                       M                           ';', 

jol                                     .1                                                                                     .1                      -il                     ."1             .1                                                                        '1 

3,1                              .,,1                             ...i                              .1             ...1                                        .1                    ..,1                                                                                                                                                              =1                       ..=1           ...1         ,..| 

1 

a  1  1 

" 

„.l 

.«./ 

J 

■: 

^i 

■I 

,.,| 

...1      .) 

r 

? 

Si  1                                                                              '•»!                                                                                                      HI 

J  32 
33 

55 

39 

1  40 

]<  1                                 1                                                  ■                                                                   II                                                                                   1 

u     i 

)5l                                                                                   ill                                                a.l              >.|              H                                                                                                                 i'l 

I 

1 

I 

!i| 

,,r                                                                   ,.,l                                     ..!l                              1..1              .,1                     J!.l                                 .J.I                                                                              ..;l...l 

36  1                                                                                                                                                               "\                   •'t\              .•!          ..1    ..1     ..1 

1                 ,                 ,                 ,                 ,                 t                 .                1                 1                 1                 1                 i                 1                 1                 1             .    1                 1                 1                 i                 i 

J 
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NO  CURING 

TAR 

Z  LS5    CALCIUM    CMLORIDC 

SODIUM    SILICATE 

3  L&S    CALCIUM  CHLORIDE 

TAR    PAPER    ON    SueCRADE-TAR 

2%  CALCIUM    CHLORIDE    ADMIXTURE 

DRf    EARTH 

DRY    STRAW 

2-  1/4"$    DEFORMED    BARS 

2-3/8*$    DEFORMED    SaRS. 

2-  1/2'$    DEFORMED    BARS 

2-3/4*$    DEFORMED   BARS 

2-3/4*$    PLAIN    BARS    (PAINTED    &   CREASED) 

2-  1/2"$    DEFORMED    BARS 

2-3/4*$    DCFORMED    BARS 

43  6    LB    FABRIC 


WET    STRAW 

BURLAP    AND  WET   EARTH 

BURLAP    AND  WET   EARTH 

BURLAP    AND  2  LBS.  CALCIUM    CHLORIDE 

BURLAP    AND  SODIUM    SILICATE 

2  LBS    CALCIUM     CHLORIDE 

SODIUM    SILICATE 

2Va   CALCIUM    CHLORIDE    ADMIXTURE 

ASPHALTIC     EMULSION 

4  3.8    LB,  FABRIC 

23  e    LB    FABRIC 

43  8    LB    FABRIC 

2-  1/4*$    DEFORMED   B*R5 

2-3/e"$    DEFORMED   BARS 

2  -  1/2'$    DEFORMED   BARS 

£-3/4"^    DEFORMED    BARS 

2-1/2*$    DEFORMED    BARS 

2-3/4'^   DEFORMED   BARS 


Figure  3.- 


-Plan   of   Curing    Sections    Showing    Transverse    Cracks    Formed    During  a  Period    of   912    Days.    The 
Number  Beside  Each  Crack  Indicates  Age  at  Time  the  Crack  was  First  Noted 


made,  are  shown  in  Figure  5.  In  addition  to  the  variation 
curves  there  is  shown  the  range  in  temperature  shown  by 
each  thermocouple  from  the  maximum  observed  during 
the  day  to  the  minimum  noted  during  the  following  night. 
It  will  be  observed  that  the  increase  in  the  range  of 
temperature  of  the  two  sections  which  had  bituminous 
treatments  is  quite  marked.  This  effect  was  observed 
down  through  the  concrete  into  the  earth  of  the  sub- 
grade.  While  the  maximum  difference  in  temperature 
shown  in  Figure  5  between  the  concrete  which  was 
coated  with  a  black  material  and  that  which  was  not  is 
from  5°  to  7°  C,  measurements  made  during  the  follow- 
ing summer  showed  that  the  temperature  of  the  con- 
crete coated  with  the  bituminous  material  was  as 
much  as  10°  C.  higher  than  that  of  uncoated  concrete, 
the  conditions  of  exposure  being  the  same.  The  in- 
sulating effect  of  the  dry  earth  covering  is  also  indicated 
in  Figure  5. 

EARLY   BURLAP   AND    TRANSVERSE    JOINTS    REDUCED    CRACKING 

Referring  to  Figure  3,  it  will  be  seen  that  section  25, 
placed  on  a  wet  subgrade,  covered  with  wet  burlap 
immediately  after  it  was  finished  and  covered  with 
wet  earth  the  next  day  (this  earth  being  kept  wet  for 
13  days),  shows  a  marked  reduction  in  transverse 
cracking  over  that  which  occurred  in  section  22,  which 
had  no  early  burlap  treatment.  The  difference  in  the 
moisture  content  of  the  subgrade  may  have  had  some 
influence  although  it  is  not  believed  that  it  is  entirely 
responsible  for  the  difference  shown.  Section  28 
(early  burlap  cover  with  sodium  silicate  treatment 
after  24  hours)  also  shows  less  transverse  cracking  at 
all  ages  than  section  30  where  the  burlap  was  omitted, 
all  other  conditions  being  the  same.  Sections  27  and 
29  on  which  a  surface  treatment  of  2  pounds  of  calcium 
chloride  per  square  yard  was  applied  do  not  show  the 
same  beneficial  effect  of  burlap  cover.  For  almost  a  year 
there  were  the  same  number  of  cracks  in  both  sections. 


After  two  and  one-half  years  there  are  seven  cracks  in  the 
section  which  had  the  burlap  cover  and  four  in  the  one 
which  did  not.  In  spite  of  this  exception  it  is  believed 
that  the  data  indicate  a  beneficial  effect  on  average  slab 
length  of  the  immediate  application  of  wet  burlap. 

There  is  no  apparent  explanation  for  the  relative 
cracking  which  occurred  in  sections  15  and  31.  These 
slabs  contained  a  2  per  cent  calcium  chloride  admixture. 
Section  15,  which  was  placed  on  a  smooth,  dry  earth 
subgrade,  showed  five  transverse  cracks  after  24  hours 
while  section  31,  on  a  wetted  subgrade,  showed  none. 
After  five  days  section  15  still  had  only  five  cracks 
while  section  31  had  three.  At  the  end  of  one  year  no 
new  cracks  had  appeared  in  section  15  and  section  31 
showed  eight.  After  two  years  had  elapsed  section  15 
still  showed  only  five  transverse  cracks  and  section  31 
showed  a  total  of  10  or  twice  the  number  in  section  15. 
It  does  not  seem  possible  that  this  difference  is  due  to 
the  initial  difference  in  the  subgrade  moisture.  The 
wetted  subgrade  might  be  expected  to  have  a  favor- 
able effect  by  improving  the  curing  conditions  and 
thereby  increasing  the  strength  of  the  concrete.  Such 
strength-test  data  as  are  available  indicate  that  this 
was  true.  Flexure  specimens  tested  at  six  months 
(fig.  14)  indicated  that  the  strength  of  the  concrete  in 
section  31  was  somewhat  greater  than  that  of  section  15. 
A  series  of  20  cores  were  drilled  from  each  of  the  two 
sections  after  two  and  one-half  j^ears  had  elapsed, 
especially  to  obtain  data  on  this  point  and  showed  an 
average  compressive  strength  for  section  15  of  3,480 
pounds  per  square  inch  as  against  4,685  pounds  per 
scpiare  inch  for  section  31. 

Since  the  cracking  in  section  31  occurred  progressively 
over  a  long  period  of  time  and  since  it  is  most  prevalent 
in  the  ends  (a  center  portion  of  about  75  feet  being 
unbroken)  it  appears  that  the  excessive  cracking  might 
be  due  to  subgrade  settlement  or  swelling.  The  records 
of  the  heaving  of  the  section  are  complete  and  show  a 
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NOTES  :— 

GOOD  CURING  GROUP  INCLUDES 
SECTIONS  25  27  28  29  30  31 
32    33    35  36     37    38    4  I 

POOR  CURING  GROUP  INCLUDES 
SECTIONS  13456789  10  II 
12    15    17    18   20   21 

INITIAL  AVERAGE  SLAB  LENGTH 
200  FEET 


ace  in  months 

Figure  4. — Effect  of  Curing  ox  Slab  Length  at  Dif- 
ferent  Ages 

fairly  uniform  seasonal  rise  and  fall  in  no  way  different 
from  that  to  whieh  the  adjoinino;  slabs  were  subjected. 
Thus  there  is  nothing  in  the  available  data  which  throws 
any  light  on  what  is  thought  to  be  excessive  transverse 
cracking  in  section  3 1 . 

In  the  nine  sections  in  which  transverse  joints  were 
used,  dividing  the  200  feet  of  concrete  into  subsections 
of  20,  30,  40,  50,  and  60  foot  lengths,  there  was  a  reduc- 
tion of  transverse  cracking  over  identical  full  length 
slabs  of  200  feet  (fig.  3).  At  the  end  of  the  two  and  one- 
half  years  there  are  59  transverse  cracks  in  the  full  length 
slabs,  as  against  44  cracks  and  joints  in  the  subdivided  sec- 
tions. Of  this  latter  number  36  are  transverse  joints 
that  were  made  at  the  time  of  placing  the  concrete.  Five 
of  the  eight  cracks  occurred  on  the  clry  subgrade,  one  on 
the  damp  subgrade,  and  two  on  the  wet  subgrade. 

There  are  36  slabs  in  the  full  length  sections  with  a 
length  of  20  feet  or  less,  as  against  15  such  slabs  ia  the 
subdivided  sections.  Of  this  latter  number,  9  were 
placed  as  20-foot  slabs.  The  following  table  gives  the 
average  slab  length  at  different  ages  of  the  slabs  (the 
joints  being  considered  as  cracks)  and  show  the  trend 
so  far  as  each  group  is  concerned. 
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SECTION     I     MO    TREATueNT. 

■  SECTION     J     TAB    TREATUENT. 

■  SECTION     7     TAR    TREATUENT. 


0 SECTION  20  DRT    EARTH    COVER- 

E SECTION  2S    WET    EARTN  COVCR. 

F  AIR 


Figure  5. — Temperature  Variation  Curves  and  Temper- 
ature Range  Charts  Showing  the  Effect  of  Surface 
Covering  Materials  on  the  Temperatures  of  Concrete 
Slabs  and  of  the  Subgrade 

It  is  apparent  from  an  examination  of  the  data  that 
the  constructed  joints  served  to  control  the  transverse 
cracks  to  a  large  extent. 

Table  2. — Average  slab  length  at  various  ages  for  both  full  length 
and  segmental  sections 


Full  length  (sees.  2,  13,  14,  I'J,  23,  26,  34,  39,  40). 
Segmental  (sees .  1 ,  10,  1 1 ,  1 7,  22,  25,  32, 37,  38) . . 


7 

28 

90 

180 

365 

730 

days 

days 

days 

days 

days 

days 

Feet 

Feet 

Feet 

Feet 

Feet 

Feet 

!)0 

79 

49 

45 

3S 

35 

39 

39 

39 

38 

36 

35 

912 
days 


Feet 
32 
35 


In  the  45  subsections  of  the  nine  subdivided  sections 
only  eight  cracks  occurred,  as  mentioned  above,  and 
37  of  these  subsections  were  without  cracks  at  the  end 
of  two  and  one-half  years.  In  no  case  is  there  more 
than  one  crack  in  a  subsection.  Of  the  eight  cracks 
their  occurrence  is  as  follows: 

20-foot  subsections,  none. 

30-foot  subsections,  two. 

40-foot  subsections,  two. 

50-foot  subsections,  three. 

60-foot  subsections,  one. 
There    is    no    apparent    relationship    between    the 
subsection   length   and   the   number  of  cracks.    It   is 
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obvious  that  a  less  number  of  transverse  joints  might 
have  been  used,  with  a  consequent  increase  in  the 
average  length  of  slab,  without  a  proportionate  increase 
in  the  number  of  cracks.  This  indicates  the  possil)ility 
of  an  even  better  control  than  is  shown  by  this  investi- 


gation. 


DATA    ON    SUBGRADE    FRICTION    OBTAINED 


The  resistance  of  the  subgrade  to  the  horizontal 
movement  of  concrete  pavement  slabs  was  measured 
under  dry,  damp,  wet,  and  frozen  subgrade  conditions, 
for  concrete  placed  on  both  the  natural  subgrade  and 
also  on  tar  paper.  The  amount  of  this  resistance  was 
determined,  under  these  difl'erent  conditions,  by 
measuring  the  force  required  to  move  concrete  slabs 
6  feet  long,  2  feet  wide  and  G  inches  thick  and  weighing 
approximately  900  pounds  each,  over  the  subgrade. 
The  displacement  of  the  slab  was  measured  with  a 
micrometer  dial. 

Figure  6  shows  some  of  the  load-displacement  curves 
obtained  for  the  diflerent  subgrade  conditions.  These 
curves  indicate  that  considerable  moisture  in  the  sub- 
grade,  when  not  in  the  frozen  state,  reduces  the  sub- 
grade  resistance,  while  a  frozen  subgrade  increases  it 
as  much  as  five  times  over  unfrozen  conditions.  They 
also  show  that  the  resistance  is  lower  with  each  test 
after  the  slab  has  been  moved  once  (successive  tests 
having  been  made  on  the  same  slab). 

Tar  paper  used  between  the  concrete  and  the  sub- 
grade  under  both  wet  and  dry  conditions  of  the  subgrade 
reduced  the  resistance  to  relatively  large  movements 
to  about  one-half  of  that  which  obtained  where  the 
concrete  was  placed  directly  on  the  subgrade.  This 
lower  subgrade  resistance  did  not  cause  any  reduction 
in  early  transverse  cracking  on  Section  7.  The  curves 
of  Figure  6  show  that  while  the  tar  paper  midcr  the 
slab  efl'ected  a  ver,y  marked  reduction  in  the  ma.ximum 
coefhcient,  there  is  no  great  difference  in  the  subgrade 
resistance  for  small  movements  for  the  slabs  on  the 
smooth  earth  and  those  on  the  tar  paper.  It  may  be 
that  this  fact  has  a  bearing  on  the  apparent  failure  of 
Sections  3  and  7  to  conform  to  the  generally  accepted 
idea  that  a  layer  of  tar  paper  between  the  pavement 
and  the  subgrade  will  reduce  transverse  cracking 
through  a  reduction  in  the  coefficient  of  friction  since 
the  actual  contraction  which  took  place  when  these 
transverse  cracks  formed  is  not  known. 

During  the  latter  part  of  the  first  winter  after  the 
sections  were  laid,  there  was  considerably  more  trans- 
verse cracking  in  the  long  slabs  that  were  well  cured 
than  in  the  poorly  cured  sections  which  cracked  into 
short  slabs  during  their  early  life.  This  increase  in 
transverse  cracking  during  this  particular  time  can 
probably  be  attributed  to  the  increased  coefTicicnt  of 
friction  caused  by  the  frozen  subgrade  which,  acting 
over  greater  slab  lengths  on  the  well  cured  sections  than 
on  the  poorly  cured  ones,  developed  stresses  exceeding 
the  strength  of  the  concrete. 

CURLING   OR   WARPING   MEASURED 

The  amount  of  curling  or  warping  which  occurred  on 
the  different  sections  was  measured  with  dials  which 
showed  the  vertical  movement  of  the  slab  in  thou- 
sandths of  an  inch.  These  dials  were  mounted  on  iron 
stakes  driven  along  the  edge  of  the  slabs  at  2-foot  inter- 
vals with  the  dial  stem  resting  on  the  concrete.  Kead- 
ings  were  taken  over  24-hour  periods,  with  correspond- 
ing measurements  of  the  temperatures  in  the  top  and 
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Figure  6. — Subgrade  Friction  Under  Various  Subgrade 
Conditions.  Size  of  Section  Used,  6  by  2  Feet  and  6 
Inches  Thick.    Weight  ArpRoxiM.\TELy  900  Pounds 


01 

1. 

V 

JB 

0 

"C'^ 

A^ 



_ 

..-' 

\^ 

.--''' 

,--. 

01 

1 

r 

.,C 

1 

j 

1           1 
SECTION    23 

1 
i 

TEMPERATURE  °C 
TOP          SOT 

1 

A 

B 

-7P.M           26,0         26   2 
-SAM            19    5         22.6 

(.- 

-3P^ 

\ 

32  & 

30  0 

1 

01 

i 

V 

-B 

0 

\ 

V 

^/ 

An. 

/ 

/  ^ 

s 

/ 

/ 

" 

**■ 

s 

ECTl 

DN    2 

3 

01 

/ 

r 

,c 

\ 

/ 

TEMPERATURE  °C. 
TOP           BOT 

/ 

A 
B 

-7  P.M.         27.0         27  7 
-SA.M.         22.6         23  7 

C 

-3PK 

K. 

31.7 

27  0 

1 

6         8         10        12       14        16        la      20      22 

DISTANCE   IN   FEET  FROM   END  OF  SLAB 


24       26       28 


Figure  7. — Slab  Curling  Observed  on  Section  23 

bottom  of  the  concrete.  The  temperatures  were 
measured  by  means  of  thermocouples  embedded  in  the 
concrete  at  the  time  of  placing. 

Curling  or  warping  of  a  concrete  pavement  slab 
depends  upon  the  relative  length  of  the  upper  and  lower 
surfaces.  This  difference  in  length  may  be  due  to  a 
difference  in  the  temperature  or  of  the  moisture  content 
of  the  two  surfaces.  Considering  temperature  effects 
alone,  if  the  top  and  the  bottom  of  the  slab  have  the 
same  temperature  the  slab  will  be  in  the  position  as 
indicated  by  the  line  k  in  Figure  7.  When  the  top  is 
at  a  lower  temperature  than  the  bottom  the  slab  will 
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take  the  position  indicated  by  the  line  B.  If  the  reverse 
condition  obtains,  the  slab  will  take  the  position 
indicated  by  line  C.  These  deflections  (fig.  7)  repre- 
sent actual  measurement  on  the  6-inch  curing  sections. 
The  curves  resemble  closely  the  theoretical  curves  for 
deflection  developed  by  Doctor  Westergaard.' 

Figure  3  shows  that  in  several  cases  transverse 
cracking  developed  near  the  ends  of  long  slabs  and  also 
that  cracks  occurred  at  later  dates  in  close  proximity 
to  earlier  transverse  cracks. 

Typical  examples  of  this  will  be  found  in  the  case  of 
sections  3,  7,  20,  and  31.  It  can  be  easily  demonstrated 
that  subgrade  friction  could  not  develop  a  tensile  stress 
of  sufficient  amount  to  rupture  concrete  of  even  moder- 
ately good  quality  in  such  lengths  of  slab.  Since  the 
cracks  could  not  be  due  to  direct  tension  it  seemed 
possible  that  they  might  be  due  to  warping.  The  deflec- 
tions measured  are  in  fair  accord  with  theory  and  it 
would  be  expected  that  the  maximum  bending  moments 
in  the  warped  slabs  (and  hence  any  cracks  due  to  such 
flexing)  would  occur  at  approximately  the  position 
indicated  by  the  theory.  It  will  be  found  that  the 
majority  of  the  cracks  referred  to  occur  somewhat 
closer  to  the  free  end  of  the  slab  than  is  called  for  by  the 
theoretical  bending  moment  diagram.  This  nuiy  be 
due  to  greater  subgrade  stiffness  than  was  contemplated 
in  the  theoretical  analysis. 

Cracks  of  this  type  do  not  appear  in  the  reinforced 
sections.  Measurements  show  that  the  presence  of 
reinforcing  considerably  reduces  the  magnitude  of  the 
vertical  movement  both  at  the  free  ends  of  the  slab  and 
at  transverse  cracks  through  which  the  reinforcing  is 
continuous. 

MOVEMENT   OF  SLABS  DUE   TO  SWELLING   OF  SUBGRADE   FOUND 
TO    BE    UNIFORM 


observed  during  this  period  that  shrinkage  is  occurring 
while  the  temperature  is  actually  rising. 

In  discussing  shrinkage  efl'ects  in  this  report  a  differ- 
entiation is  made  between  distinctly  local  shrinkage 
cracks  and  the  transverse  cracks  formed  by  (he  tendency 
of  the  slab  as  a  whole  (o  shorten.  It  will  be  recalled 
that  what  arc  referred  to  as  "shrinkage"  cracks  differ 
from  the  "transverse"  cracks  in  that  they  do  not  ex- 
tend to  the  bottom  of  the  concrete,  nor  do  they  extcTid 
to  the  full  width  of  the  slnb  when  first  formed.  Und(M- 
adverse  curing  conditions  "shrinkage"  cracks  begin  to 
appear  almost  immediately  after  the  concrete  has  been 
finished  and  generally  fidly  develoj)  during  the  first  24 
hours  after  the  concrete  has  been  placed.  The  extent 
and  depth  of  these  cracks  depend  largely  upon  the  con- 
ditions to  which  the  concrete  is  subjectecl  during  the 
initial  curing  i)eriod.  The  concrete  during  this  jieriod 
has  little- or  no  tensile  strength  and  can  not  transmit 
the  stresses  produced  any  appreciable  distance,  with  the 
result  that  under  adverse  conditions  of  temperatm-e  and 
moisture  such  cracks  occur  in  close  proximity  and  may 
be  of  such  magnitude  as  to  seriously  impair  the  strength 
of  the  slab. 

Table  3  shows  the  number  of  local  shrinkage  cracks 
that  developed  in  the  different  sections  during  the  first 
four  months,  together  with  the  average  relative  humid- 
ity during  the  first  S  hours  and  also  for  the  first  24  hours 
after  the  concrete  was  placed.  These  figures  are  the  aver- 
ages obtained  by  two  observers,  working  independently, 
and  counting  all  shrinkage  cracks  whose  lengths  were  1 
inch  or  more  in  each  section.  Although  the  actual  count 
reported  was  made  after  four  months  hadel  apsed  it  was 
observed  that  practically  all  of  the  local  shrinkage  cracks 
formed  during  the  very  early  life  of  the  concrete. 

Referring  to  Table  3,  it  will  be  seen  that  under  ad- 
verse conditions  an  excessive  number  of  shrinkage 
Swelling  of  the  subgrade  due  to  changes  m  moisture  cracks  developed.  This  is  shown  by  those  sections 
content  or  to  freezing  was  determined  by  taking  level  ^^hich  were  placed  on  a  dry  subgrade  without  ciu-ing 
readings  from  time  to  time  on  the  sections,  using  per-  treatment  during  the  first'  24  hours;  those  sections 
manent  bench  marks  set  below  the  frost  line  as  refer-  placed  on  a  wet  subgrade,  with  immediate  curing  treat- 
ences.  These  elevations  were  taken  at  points  located  nients,  having,  in  general,  com])aratively  few  shrinkage 
along  the  center  line  of  each  section  and  spaced  10  feet  cracks.  These  experiments  indicate  most  strongly  that 
^P''irt.  the  immediate  application  of  wet  l)urlap  can  be  de- 

These  measurements  indicate  that  the  "heave"  of  all  pended  upon  to  aid  greatly  in  the  elimination  of  the 
of  the  sections  was  fairly  uniform  throughout  their  re-  jocal  shrinkage  cracks  which  tend  to  form  before  the 
spective  lengths.  The  average  changes  in  elevation  concrete  has  attained  its  final  set.  The  following  data, 
were  +0.05  of  a  foot  and  -0.02  of  a  foot.    The  maxi-    extracted  from  Table  3  illustrate  this  point: 

mum  changes  of  +0.1  and  —0.04  of  a  foot  occurred  on  

the  north  ends  of  sections  1  and  2  and  extended  for  a    ^ 

distance  of  about  60  feet  south.    The  greatest  increase  section 

in  elevation  occurred  at  a  time  when  the  subgrade  had 

been  thoroughly  saturated  with  water  and  had  later    22 -- 

frozen  to  a  depth  of  3  inches.    Although  the  swelling    so-Ii;;^"!--"------;'.; 

that  developed  under  this  condition  was  the  maximum    ^]~.\[\:[:[[[\^\[[:::i\[[ 

measured,  it  was  so  uniform  over  the  entire  area  cov-    ^7 - 

ered  by  the  sections  that  it  is  doubtful  if  any  transverse 

cracks  can  be  attributed  to  this  action.  The  section  on  which  the  asphalt  emulsion  was  ap- 

plied was  almost  entirely  free  from  this  type  oi  crack. 
In  general,  those  sections  which  were  placed  when  the 
humidity  was  low  and  without  adequate  early  curing 
developed  more  local  shrinkage  cracks  than  those 
placed  without  adequate  early  curing  but  under  con- 
ditions of  somewhat  higher  humidity.  These  data  em- 
phasize the  importance  of  adequate  early  curing  treat- 
ment of  the  concrete,  under  conditions  of  low  humidity 
Careful  visual  inspections  were  made,  at  regular  in 
tervals,  of  all  of  the  sections  to  note  any  effect  of  th(> 


Curing 


Wet  earth - 

Burlap  and  wet  earth 

Sodium  silicate. 

ISurlap  and  sodium  silicate.. 
Calcium  chloride 

Burlap  and  calcium  chloride 


Local 
hrinkase 
cracks 


137 
14 
701 
138 
330 


-WET    BURLAP   FOUND    TO    BE    EFFECTIVE   IN    PREVENTING 
SHRINKAGE   CRACKS 

Shrinkage  in  a  concrete  pavement  is  caused  either  by 
a  loss  of  moisture  or  by  a  drop  in  temperature,  or  by 
both.  During  the  early  curing  period  the  shrinkage 
due  to  loss  of  moisture  is,  in  general,  much  greater  than 
that  due  to  a  lowered  temperature.    In  fact,  it  may  be 


'  Analysis  of  the  Stresses  in  Concrete  Roads  Caused  by  Variations  in  Temperature, 
by  H.  M.  Westergaard,  Public  Roads,  vol.  8,  No.  3,  May,  1927. 
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Table  3.- — Number  of  local  shrinkage  cracks,  relative  humidity 
and  method  of  curing 

DRY  SUBGRADE 


Reinforcement,  etc. 

Curing  method 

Relative 
humidity 

Num- 
ber of 
local 
shrink- 
age 
cracks 

Sec- 
tion 

First 

24 
hours 

First 

8 
hours 

1 

None  -.-  

■50 
60 
50 
59 

59 
50 

59 

65 

65 

54 

65 

64 

73 

64 

50 

69 
73 
55 
59 

50 

33 
33 
33 
33 

33 
33 

33 

53 

53 

50 

53 

52 

67 

52 

33 

50 
67 
48 
33 

33 

1,560 

2 

None,  j(jints 

do 

1  158 

3 

None                    

Tar  after  24  hours 

4 

do 

do - 

do 

Calcium     chloride     after     24 

hours,  2  pounds  per  square 

yard. 
Sodium  silica'e  (4  :  1)  after  24 

hours. 
Calcium    chloride    after    24 

hours,  3  pounds  per  square 

yard. 
Tar  paper  on  subgrade,  tar 

after  24  hours. 
None. - - 

96 

619 
128 

7 

....  do 

R 

2    H  -  inch    round     de- 
formed bars. 

2    ?i-inch    round     de- 
formed bars. 

2    H  -  inch    round     de- 
formed bars. 

2    ?4-inch    round     de- 
formed bars. 

2    ?4-inch    plain    bars, 
paint  and  grease. 

2    'A  -  inch    round     de- 
formed bars,  joints. 

2    ?4  -  inch    round     de- 
formed bars,  joints. 

None 

43.S-pound  fabric 

23.fi-pound  fabric 

482 

q 

do 

689 

in 

.      do 

722 

u 

do 

952 

1'' 

do 

839 

n 

..      do 

471 

14 

do     

1  038 

15 
17 

Calcium  chloride  admixture, 

2  per  cent. 
None -  --- 

869 
1,  588 

18 

do 

238 

11 

43  8-pound  fabric 

do  ..      .  - 

1  451 

20 
?1 

None 

.    do    

Dry  earth  after  24  hours  for  13 

days. 
Dry  straw  after  24  hours  for  13 

days. 

823 
1,602 

DAMP  SUBGRADE 

22 
?3 

None 

do 

Wet  earth  after  24  hours  for  13 

days. 
do 

59 

59 
59 

48 

48 
48 

137 
93 

24 

do 

Wet  straw  after  24  hours  for  13 
days. 

45 

WET  SUBGRADE 


None. 


None,  joints- 
None 


.do. 
.do. 

.do. 
.do. 


43.8-pound  fabric. 


23.6-pound  fabric 

43.8-pound  fabric,  joints. 

2    U-inch    round     de- 
formed bars. 

2    54 -inch    round 
formed  bars. 

2    H-inch    round 
formed  bars. 

2    M-inch    roimd 
formed  bars. 

2    !,«-inch    round 
formed  bars,  joints. 

2    H-inch    round     de- 
formed bars,  joints. 

None 


de- 
de- 


de- 
de- 


Wet  burlap  for  24  hours,  then 

wet  earth  for  13  days. 

do 

Wet  burlap  for  24  hours,  then 

calcium  chloride,  2  pounds 

per  square  yard. 
Wet  burlap  for  24  hours,  then 

sodium  silicate  (4:1). 
Calcium     chloride    after     24 

hours,  2  pounds  per  square 

yard. 
Sodium  silicate  (4  :  1)  after  24 

hours. 
Calcium  chloride  admixture, 

2  per  cent. 
Wet  burlap  for  24  hours,  then 

wet  earth  for  13  days. 

do 

do- 

do 


.do. 
.do. 
.do. 
-do. 
.do. 


Asphalt  emulsion  sprayed  on 
immediately  after  concrete 
was  finished. 


54 

.'^^O 

54 
54 

50 
50 

60 

54 

60 

54 

60 

54 

60 

54 

55 

48 

70 
70 
75 

63 
63 
59 

75 

59 

70 

63 

64 

52 

69 

50 

64 

52 

69 

50 

138 
336 

701 

587 

192 

133 

94 

1 

1 

20 

0 

4 

0 

1 


treatments  on  the  surface  of  the  concrete.  Photographs 
were  taken  to  show  typical  surface  conditions  which 
were  observed.  Illustrations  A,  B,  C,  and  D  of  Figure 
8  show  the'^efTect  of  the  immediate  application  of  a 
curing  treatment  inUhe  almost  entire  absence  of  local 


shrinkage  cracks.  Illustration  A  shows  a  somewhat 
pitted  appearance  due  to  the  use  of  a  spray  nozzle 
which  was  not  entirely  suited  to  the  material  being 
applied.  Illustration  B  shows  the  surface  appear- 
ance typical  of  those  sections  on  which  flake  calcium 
chloride  was  applied.  The  appearance  is  different 
from  that  of  the  other  sections  in  that  a  thin  film  of 
whitish  appearance  and  extremely  fine  texture  covers 
most  of  the  surface.  Illustrations  E  and  F  of  Figure  8 
and  Figure  9  show  the  condition  of  sections  where  the 
immediate  application  of  wet  burlap  was  omitted  and 
local  shrinkage  cracks  are  prevalent.  Illustration  E 
shows  a  surface  appearance  typical  of  section  1.5  where 
the  curing  treatment  consisted  of  a  2  per  cent  admix- 
ture of  calcium  clJoride  without  surface  curing  of  any 
kind.  This  surface  condition  is  of  interest  in  connec- 
tion with  the  discussion  of  crazing  which  follows: 

The  test  sections  were  very  carefully  examined  for 
evidence  of  the  condition  commonly  known  as  "craz- 
ing" where  areas  of  the  surface  of  the  concrete  are 
covered  with  a  network  of  fine  cracks  of  apparently  little 
depth.  It  was  observed  that  this  condition  appeared 
only  in  those  areas  where  the  surface  of  the  concrete  had 
been  covered  with  a  film  of  water,  from  which  a  skin  of 
laitance  had  deposited.  There  is  some  evidence  of  craz- 
ing in  the  surface  of  those  sections  where  the  surface 
was  protected  and  moistened  with  wet  burlap.  On  these 
sections  slight  crazing  is  to  be  found  in  areas  where  the 
burlap  was  not  in  actual  contact  with  the  concrete  be- 
cause of  wrinkles  in  the  burlap,  depressions  in  the  con- 
crete, or  other  causes.  Where  the  surface  skin  was 
broken  up  by  contact  with  the  burlap  no  crazing  is  to 
be  found.  There  seems  to  be  a  tendency  for  crazing  to 
occur  in  the  surface  of  those  sections  on  which  flake 
calcium  chloride  was  used.  The  whitish,  fine-grained 
surface  which  seems  to  result  from  this  treatment  ap- 
pears to  be  particularly  subject  to  these  fine  crazing 
cracks.  There  is  also  considerable  crazing  in  the  sur- 
face of  Section  15  (see  fig.  8,  E)  where  a  2  per  cent 
calcium  chloride  admixture  was  used  without  other 
curing  treatment.  No  scaling  has  followed  the  appear- 
ance of  crazing  cracks  on  any  of  the  sections,  but  it 
should  be  kept  in  mmd  that  the  weather  is  the  only 
destructive  agency  to  which  these  surfaces  have  been 
exposed. 

In  several  cases  the  shrinkage  cracks  which  appeared 
during  the  initial  curing  period  have  developed  later 
into  full  transverse  cracks.  Examples  of  such  cracks 
are  shown  in  Figure  10. 

Some  observations  were  made  to  determine  the  depth 
to  which  local  shrinkage  cracks  penetrated  into  the  con- 
crete. Cores  were  drilled  so  as  to  include  some  of  these 
cracks  in  the  top  of  the  core.  A  solution  of  gasoline 
and  a  red  dye  (wiiich  was  insoluble  in  water)  was  pre- 
pared and  was  poured  into  the  cracks  until  they  were 
filled.  The  liquid  was  allowed  to  dry  and  the  core  was 
then  broken  in  a  testing  machine  in  order  that  the  depth 
of  the  penetration  into  the  crack  could  be  measured. 
The  maximum  depth  of  crack  was  found  to  be  about  2 
inches  and,  in  general,  they  were  from  one-fourth  inch 
to  1  inch  in  depth. 

The  slab  which  was  sprayed  with  asphalt  emulsion 
originally  had  a  black  surface  of  uniform  texture  but 
this  has  smce  weathered  off  and  now  presents  a  mottled 
appearance,  with  but  little  of  the  bituminous  material 
remaining.  The  appearance  is  not  pleasing,  but,  as  this 
surface  had  no  traffic  on  it,  it  is  perhaps  not  representa- 
tive as  to  appearance. 


February,  1930 


PUBLIC    ROADS 


221 


Section  41,  wet  subgrade.  aspbalt  emulsidti 
sprayed  on  the  surface  immediately  after  fin- 
ishing, surface  free  from  local  shrinl<age  orticks 


Section  27,  wet  subgrade.  wet  burlap  for  24  hours, 
then  '.'  pounds  per  sq.  yd.  of  flake  calcium  clilo- 
ride,  surface  free  from  local  shrinkage  cracks 


."Section  2,'i,  WCl  Mil.Miii'ir,  uri    I  111  m:i  1 1  I'll    j-i  ii,,iii>, 

then  wet  earth  for  l'.i  days,  note  burlaji  unprmt 
and  surface  free  from  local  shrinkage  cracks 


Section  28,  wet  subgrade,  wet  burlap  for  24  hours, 
then  an  application  of  sodium  silicate  (4  parts 
sodium  silicate,  42  BaumS  to  1  part  water),  im- 
print of  burlap  evident  and  surface  free  from 
local  shrinkage  cracks 


_  .  11  y  subgrade,  2  per  cent  calcium  chlo- 
ride admixture  with  no  surface  curing  treat- 
ment, note  local  shrinkage  and  crazing  cracks 


Section  30,  wet  subgrade,  no  curing  treatment 
during  tlie  first  24  hours,  then  an  application 
of  sodium  silicate  (4  [)arts  sodium  silicate  42 
Baunifi  to  1  ]iart  water),  the  local  shrinkage 
cracks  developed  before  the  application  of  the 
sodium  silicate 


Figure  8. — Condition  of  Surface  Produced  by  Variou.s  Methods  of  Curing 


METHOD    OF    CURING    AND    SURFACE    HARDNESS    COMPARED 

Tests  to  determine  the  relative  surface  hardness  of 
some  of  the  sections  were  made  after  the  concrete  was 
two  years  old.  The  apparatus  used  for  making  these 
tests  has  been  described  in  Public  Roads,  volume  10, 
No.  5,  July,  1929.  It  consists  of  a  device  which  causes 
three  narrow  steel  wheels,  placed  tangentially  to  a  cir- 
cular path,  to  roll  along  this  path  at  a  constant  speed 
and  under  a  constant  load.  The  depth  of  wear  produced 
in  the  circular  path  by  any  given  number  of  wheel 
passages  is  used  as  a  measure  of  the  hardness  of  the 
surface  being  tested.  In  testing  the  curing  sections  the 
steel  wheels  used  on  the  wear  machine  were  not  heat 
treated  or  hardened. 

Table  4  shows  the  surface  wear  of  a  number  of  the 
sections  on  each  type  of  subgrade  and  cured  under  dif- 
ferent conditions.  The  values  are  tabulated  in  order 
of  their  relative  hardness  as  determined  by  measured 
depth  of  abrasion.  The  figures  given  are  the  average 
values  from  five  tests  on  each  section.  The  curves  in 
Figure  11  are  the  average  curves  for  four  of  these  sec- 
tions and  are  representative  of  the  data  obtained.  Dif- 
ferences in  wear  between  sections  having  difl"erent 
curing  methods  indicate  that  there  may  be  an  effect 
of  these  different  methods  of  curing  on  the  surface 
hardness  of  the  concrete.    Sections  which  were  covered 


Figure  9. — Section  1,  Dry  Subgrade,  nu  Curing.  Local 
Shrinkage  Cracks  Caused  by  Rapid  Drying  of  the 
Concrete  During  the  Early  Curing  Period. 
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Seciiiin  J(i.  mil  irun^voise  cr-Mck  iimt  ■ifveioin'il 
from  a  local  shrinkage  crack  7  days  after  the 
coucrete  was  placed 


icctinn  1.  traiisvorse  iiacK  that  develoiit'il  Ironi 
shrinkage  cracks  583  days  after  the  concrete  was 
placed 


;tH-ti(in  :i,  Iran? verse  eraek  (hat  doveluiied  from 
shrinkage  cracks  335  days  after  concrete  was 
placed 


Figure  10. — Examples  of  Transverse  Cracks 
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Table  4. — Relative  surface  hardness  of  concrete  cured  by  different 
methods  as  determined  with  xuear  machine.    Test  made  at  2  years 
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REVOLUTIONS    OF   WEAR  MACHINE 

Figure  11. — Effect  of  Early  Burlap  Treatment  on 
THE  Surface  Hardness  of  Concrete.  Each  Curve  is 
THE  Average  of  Five  Tests 

with  wet  burlap  immediately  after  they  were  finished 
and  then  treated  with  either  calcium  chloride  or  sodium 
silicate  did  not  show  as  much  wear  as  did  those  on 
which  the  same  surface  application  was  used  but  on 
which  the  burlap  was  omitted. 

LOSS   OF   MOISTURE   FOUND    TO   VARY    CONSIDERABLY    WITH 
METHOD   OF   CURING 

Two  methods  were  used  in  the  field  to  obtain  the  loss 
of  moisture  from  the  concrete.  The  first  consisted  of 
taking;  a  pan  of  concrete  (about  30  pounds)  as  it  came 
from  the  mixer,  s trilling  ofl"  the  surface  and  weighing, 
then  placing  it  in  the  sun  and  weighing  it  at  hourly 
intervals.  Thus,  a  measure  of  the  loss  of  moisture 
through  surface  evaporation  of  concrete  which  is  not 
protected  by  a  curing  treatment  was  obtained. 

The  other  niethod  consisted  of  casting  (concurrently 
with  the  long  field  sections)  small  slabs  24  by  12  inches 
in  area  and  6  inches  thick  and  weighing  the  concrete  for 
each  as  it  came  from  the  mixer.  The  upper  surface  of 
each  slab  was  treated  in  the  same  manner  as  the  corre- 
sponding long  section.  After  24  hours  the  forms  were 
removed  and  the  edges  of  all  the  small  slabs  were  painted 
with  tar  for  the  purpose  of  restricting  the  loss  in  mois- 
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Figure  12. — Curves  Showing  the  Effect  of  Humidity  on 
THE  Loss  OF  Moisture  from  the  Surface  of  Concrete 
WHICH  WAS  not  Protected  by  a  Curing  Treatment 


February,  1930 


PUBLIC    ROADS 


223 


- 

__          i 

- 

n 

„ 

- 

~ 

-, 

r 

- 

n 

— 

- 

- 

- 

_ 

_ 

_^ 

- 

-1 

- 

_ 

- 

- 

- 

~ 

~ 

~ 

' 

" 

-1 

" 

- 

n 

" 

n 

r 

P 

- 

- 

r 

n 

- 

OAtS 

"'--=•''- 

J      SODIUM        ^ 

~i^£'Br 

ASPHALT 

2  L8S 

-'•-----■■'■i 

.— TAP  — 

TAR                                 2  LBS 
•-TAR   PflPEB-*          ■•—CALCIUM—* 
ON  SoaCHADe                    CHLORIDE 

SODIUM        ^ 

"  ■" 

:  «  s  ;  s  1 

ORf    STRAW 

FOB  13  DAYS 

SILICATE 

r  "spS^m  ^ 

SILICATE 

CURING 

SILICATE 

FOR  13  DAYS 

FOR  li  DATS 

WET  SU6CRA0£ 

* 

Figure   13. — Loss   of  Moisture   from   Concrete    Specimens    (6  by  12  feet  by   24  inches)    Cured  Simultaneously   and 

Identically  with  the  Corresponding  Curing  Sections 


tiire  to  the  top  and  bottom  sui'faces.  Twenty-foin-  hours 
after  placing  and  at  intervals  thereafter,  these  slabs 
were  weighed  to  determine  the  loss  in  moisture  that  had 
occurred.  From  these  specimens  data  were  obtained  on 
the  comparative  value  of  the  vari(uis  treatments  of  the 
surface  and  of  the  subgrade  for  preventing  moisture  loss 
from  the  freshly  laid  concrete. 

Figure  12  gives  the  loss  of  moisture  from  several 
30-pound  pan  specimens  (expressed  as  a  percentage  of 
mixing  water)  at  intervals  during  a  period  of  approxi- 
mately 24  hours,  together  with  the  average  relative 
humidity  Jor  the  period.  These  curves  show  that  the 
greatest  loss  occurs  during  the  first  few  houi's  after  the 
concrete  is  placed.  Almost  50  per  cent  of  the  mixing 
water  evaportated  from  the  surface  of  the  unprotected 
concrete  during  the  first  24  hours  when  exposed  to  an 
average  humidity  of  34.  The  curves  also  show  the 
effect  humidity  has  on  the  rapid  drying  out  of  the 
concrete  during  the  early  curing  period. 

Figure  13  gives  the  loss  of. moisture  obtained  with  the 
small  slabs  having  the  difl'erent  curing  treatments, 
expressed  as  a  percentage  of  the  mixing  water.  A  lowei- 
loss  occurred  during  the  first  24  hours  on  those  slabs 
which  were  placed  on  a  wet  subgrade  and  whose  surfaces 
were  immediately  protected  than  on  any  of  the  others. 
A  comparison  of  the  loss  of  moisture  from  the  concrete 
during  this  period,  shows  that  the  slabs  placed  on  a  wet 
subgrade  and  having  a  curing  treatment  during  the  first 
24  hours  lost  approximately  7  per  cent  of  their  mixing 
water  and  these  slabs  also  show  a  low  total  loss  over  an 
extended  period.  The  slabs  whichwere  placed  on  the 
wet  subgrade  but  which  received  no  surface  protection 
for  the  first  24  hours  lost  about  14  per  cent  of  their 
mixing  water  during  this  time.  When  placed  on  a  dry 
subgrade  this  24-hour  loss  amounted  to  about  29  per 
cent  for  specimens  whose  surface  was  not  protected 
from  moisture  loss.  These  data  bring  out  the  advantage 
of  subgrade  moisture  and  of  immediate  surface  protec- 
tion for  the  prevention  of  moisture  loss  during  the  early 
life  of  the  concrete.  It  will  be  noted  that  for  otherwise 
comiparable  curing  treatments  the  wet  subgrade  reduced 
the  loss  during  the  first  24  hours  to  about  one-half  of 
that  which  occurred  in  the  specimens  on  the  dry  sub- 
grade  and  that  immediate  protection  reduced  the  loss 
to  about  one-half  of  that  which  occurred  from  the 


unprotected  specimens  during  the  first  24-hour  period. 
It  is  also  shown  that,  under  adverse  curing  conditions, 
pavement  concrete  may  lose  as  much  as  40  or  45  per 
cent  of  the  original  mixing  water  during  the  first  few 
weeks  after  it  has  been  placed. 

The  data  relative  to  wet  burlap,  calcium  chloride 
admixture,  and  asphalt  emulsion,  the  three  immediate 
treatments  studied,  all  show  a  low  loss  of  moisture 
during  the  early  life  of  the  concrete,  while  wet  earth, 
asphalt  emulsion,  and  calcium  chloride  surface  treat- 
ments show  the  least  loss  between  24  hours  and  7  days. 

The  data  given  in  Figures  12  and  13  show  that  under 
normal  conditions,  when  no  provision  is  made  for  early 
protection,  a  large  portion  of  the  mixing  water  is  lost 
from  the  concrete  during  the  first  few  hours  after 
placing.  It  appears  that  after  the  concrete  has  ob- 
tained its  initial  set,  the  remaining  retained  moisture 
is  not  then  so  susceptible  to  the  conditions  that  bring 
about  a  large  loss  during  the  earlier  period.  It  follows, 
therefore,  that  a  satisfactory  treatment  against  the 
loss  of  moisture  from  the  concrete  during  the  period 
of  hydration  must  necessarily  be  applied  and  be 
efiective  immediately  after  finishing  is  completed. 

The  data  concerning  the  effect  of  humidity  on  the 
loss  of  moisture  from  the  concrete  during  the  early 
period  of  hardening  brings  out  the  important  bearing 
this  factor  has  on  the  problem  of  concrete  curing.  With 
only  moderate  differences  in  humidity  the  correspond- 
ing differences  in  the  drying  out  of  unprotected  concrete 
were  found  to  be  as  great  as  the  difterences  found 
between  extreme  methods  of  curing  on  the  concrete 
sections. 

CONTROL  SPECIMENS   TESTED 

It  is  doubtful  if  satisfactory  strength  data  can  be 
obtained  from  small  test  specimens  in  an  investigation 
of  this  nature.  The  difficulty  is  that  the  exposure  of  the 
concrete  in  the  test  specimens  to  most  curing  treat- 
ments does  not  reproduce  the  condition  of  exposure 
which  is  met  by  the  concrete  in  the  pavement  slab. 
This  was  realized  when  the  program  of  these  tests  was 
foi-mulated  but  it  was  thought  advisable  to  make  and 
test  a  certain  number  of  such  specimens  in  conjunction 
with  the  long  slabs  for  whatever  relative  information 
they  might  furnish. 
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Compression  tests  on  6  by  8  inch  cylinders,  tension 
tests  on  6  by  21  inch  cyUnders  and  flexure  tests  on  6 
by  6  by  24  inch  beams  were  made  at  1,  3,  7,  21,  and 
180  days. 

In  the  data  from  the  cyUndrical  specimens  there  ap- 
peared to  be  no  significant  indication  and  it  was  in  the 
case  of  these  specimens  that  it  was  most  difficult  to 
obtain  a  curing  condition  which  was  at  all  represen- 
tative of  that  of  the  test  slab.  For  this  reason  these 
data  are  not  included  in  the  report. 

With  the  beams  it  was  possible  to  simulate  the  test 
slab  conditions  of  curing  more  closely  and  it  is  believed 
that  this  is  the  reason  that  the  data  obtained  from  these 
tests  appear  to  have  some  significance.  These  data 
are  presented  in  Figure  14  in  which  the  average  values 
from  the  flexure  tests  are  plotted  as  percentages  of  the 
strength  obtained  from  specimens  corresponding  to 
section  25,  which  was  cured  with  wet  burlap  and  wet 
earth. 
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Figure  14. — Strength  of  Control  Specimens  in  Terms 
OF  THAT  Obtained  from  Specimens  Cured  with  Burlap 
AND  Wet  Earth 

The  data  from  the  flexure  tests  show  the  comparative 
effect  of  the  different  curing  methods  on  the  strength 
of  the  concrete.  Conditions  of  curing  that  permitted 
rapid  dr3dng  or  early  set  developed  relatively  high 
early-strength  concrete.  However,  at  the  later  ages, 
the  strength  of  such  concrete  is,  in  general,  less  than 
that  of  concrete  cured  under  conditions  which  cause 
slow  drying  and  slow  setting.  This  is  clearly  indicated 
by  the  comparative  modulus  of  rupture  as  shown  in 
Figure  14. 

All  of  the  specimens  were  taken  from  the  field  and 
immediately  tested  with  the  exception  of  those  tested 
at  six  months.  The  6-month  specimens  were  stored 
indoors  for  several  days  before  they  were  tested.  Since 
moisture  in  concrete  affects  its  strength,  it  is  possible 
that  some  of  this  variation  in  the  early  strength  results 
was  due  to  the  differences  in  moisture  content  and  is 
not  entirely  an  effect  of  the  curing  treatment. 


EFFECT  OF  VARIOUS  AMOUNTS  OF  STEEL  REINFORCING  ON  THE 
FREQUENCY   AND    WIDTH   OF   CRACKS  STUDIED 

As  stated  earlier  in  the  report,  a  series  of  sections 
with  steel  reinforcement,  was  included  in  this  investiga- 
tion, to  obtain  information  regarding  the  effect  of  the 
different  amounts  and  types  of  reinforcement  on  the 
cracking  of  concrete  pavements. 

Three  types  of  reinforcement  were  used  in  the  differ- 
ent sections,  as  follows:  Deformed  bars  of  %,  %,  %,  and 
/4  iirch  diameter  placed  continuously  or  segmentally; 
plain  round  %-inch  bars,  painted  and  greased,  placed 
continuously;  and  welded  rectangular  fabric  of  both 
23.6  and  43.8  pound  weights  (per  100  square  feet) 
placed  continuously  and  segmentally.  All  steel  was 
placed  3  inches  below  the  surface  of  each  slab.  In  the 
case  of  the  sections  where  the  bars  were  used,  two  bars 
were  placed  in  each  section  12  inches  apart  and  6 
inches  in  from  the  edges. 

The  continuous  bar  reinforcement  seems  to  have  a 
very  definite  effect  on  the  transverse  cracldng  as  shown 
in  Figure  3.  This  effect  is  not  brought  out  by  a  con- 
sideration of  the  average  slab  length  of  the  entire  slab 
because  in  a  number  of  cases  the  presence  of  the  re- 
inforcement operated  to  produce  long  uncracked  slab? 
at  the  ends  of  the  test  section.  If  the  two  end  slabs  of 
each  section  are  disregarded  and  the  average  slab 
length  between  the  first  and  last  transverse  cracks  in 
each  section  is  computed,  then  the  effect  of  the  steel  on 
the  average  slab  length  becomes  clearer.  These  data 
for  the  four  sections  on  both  the  dry  and  the  wet  sub- 
grades  are  shown  below. 

Average  length  of  reinforced  slabs 
[End  slabs  disregarded] 


Section 

Reinforcement 

Average 

slab 
length, 
in  feet 

8 

H-inch  deformed  bars 

29 

9 

%-inch  deformed  bars - 

33 

10                                     -   -   . 

11 

11          

Ji-inch  deformed  bars     

10 

35 

H-inch  deformed  bars        -  _      -      - 

30 

36 

^i-inch  deformed  bars - 

26 

37              . 

K'-inch  deformed  bars...  

21 

38         

?.i-inch  deformed  bars.- 

9 

These  figures  indicate  that,  as  the  percentage  of  con- 
tinuous steel-bar  reinforcement  is  increased,  the  ten- 
dency is  for  the  transverse  cracks  to  form  at  more 
frequent  and  (from  fig.  3)  at  rather  regular  intervals. 
Also,  it  was  observed  in  every  case  that  the  larger  the 
bars  the  more  tightly  are  the  fractured  surfaces  held 
together.  In  the  reinforced  segmental  slabs  there  are 
some  few  transverse  cracks  but  in  every  case  these  are 
held  tightly  shut  by  the  steel,  whereas  those  appearing 
in  similar  plain  slabs  are  open  from  one  thirty-second 
to  one-eighth  of  an  inch. 

It  is  shown  by  the  data  obtained  from  section  12  that 
large  bars,  painted  and  greased,  can  be  used  continu- 
ously without  greatly  stressing  the  slab  since  the  bond- 
ing qualities  of  the  bars  have  been  almost  entirely 
destroyed  by  such  treatment.  With  this  type  of  rein- 
forcing the  transverse  cracks  occurred  at  intervals  com- 
parable to  those  found  in  unreinforced  slabs  and  the 
width  and  appearance  of  the  cracks  is  much  the  same 
in  both  cases.  The  advantage  of  this  type  of  reinforced 
pavement  over  plain  concrete  lies  in  the  doweling  effect 
of  the  steel  at  all  transverse  cracks,  preventing  settling 
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notes:— 

good  curing  (plain  concrete) 
group  includes  sections 

25    27    26    29     30     31     41 

GOOD  CURING    (REINFORCED) 
GROUP  INCLUDES    SECTIONS 
32    33    35     36    37      38 

POOR   CURING(PLAIN   CONCRETE) 
GROUP  INCLUDES    SECTIONS 
I    3    4    5    6   7    15    20    21 

POOR  CURING  (REINFORCED) 
GROUP  INCLUDES  SECTIONS 
8   9    10    11    12    17    18 

INITIAL   AVERAGE  SLAB   LENGTH 
200    FEET 


GOOD   CURING 
(REINFORCED) 


GOOD  CURING       v 
(PLAIN    concrete)    \ 


0  3  6  12  24  30 

age  in  months 

Figure  15. — The  Effect  of  Plain  and  Reinforced  Con- 
crete (Cured  Differently)  on  the  Slab  Length  at 
Different  Ages 

that  would  cause  new  unsup])orted  edges  and  the  de- 
velopment of  supplementary  transverse  cracks  adjacent 
to  the  first  crack. 

The  comparative  effect  of  both  plain  and  reinforced 
sections  on  the  average  slab  length  at  different  ages 
of  the  concrete  is  shown  by  the  curves  in  Figure  15. 
Again,  as  in  Figure  4,  considering  the  sections  that  are 
placed  on  the  dry  subgrade  as  having  poor  curing  and 
those  placed  on  the  wet  subgrade  as  having  good 
curing,  the  curves  shown  in  this  figure  represent  the 
average  slab  length  in  feet  for  each  of  these  conditions 
for  both  plain  and  reinforced  sections  from  the  time 
they  were  placed  up  to  and  including  the  two  and  one- 
half  year  period.  Sections  in  which  steel  reinforcement 
was  used,  placed  under  conditions  of  poor  curing,  de- 
veloped nearly  all  of  the  transverse  cracks  dui'ing  the 
early  period  after  placing,  and  give  an  average  slab 
length  of  approximately  35  feet  at  seven  days,  and  at 
the  two  and  one-half  year  period  of  approximately  32 
feet.  These  average  slab  lengths  are  just  slightly 
geater  than  for  the  sections  of  plain  concrete.  Under 
good  conditions  of  curing  the  average  slab  length  of 
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TEMPERATURE    OF    CONCRETE  -  OEO  R6ES    CENTICRAOE 

Section  1,  plain  concrete. 

Section  12,  2  ^i-inch  plain  l)ars  painted  and  greased. 

Section  11,  2  ^i-inch  deformed  bars. 

Section  10,  2  H-inch  (leforincd  bars. 

Section  9,  2  ?i-inch  defurmpcl  bars,  area  0.220  square  inch. 

Section  8,  2  U-inch  deformed  liars,  area  0.098  square  inch. 

Section  17,  43.8  pounds  rectangular  fabric,  area  0.240  square  inch. 

Section  18,  23.6  pounds  rectangular  fabric,  area  0.132  square  inch. 

Figure  16. — The  Effect  of  Continuous  Reinforcing  on 
THE  Contraction  of  Concrete  Sections.  Readings  at 
Zero  Temperature  Made  when  Concrete  was  Ex- 
panded from  Moisture. 

steel  reinforced  slal)s  at  7  days  is  200  feet,  as  against 
approximately  50  feet  for  plain  concrete.  At  the  two 
and  one-half  year  period  this  relative  position  still 
holds,  the  steel  reinforced  sections  averaging  42  feet 
while  the  plain  concrete  is  approximately  31  feet. 

The  eft'ect  of  continuous  reinforcing  on  the  contrac- 
tion of  concrete  slabs  over  a  range  of  difl'erent  temper- 
atures is  shown  by  the  curves  in  Figure  If).  These  data 
were  obtained,  from  time  to  time,  on  the  different  sec- 
tions by  measurhig  the  width  of  cracks  with  a  special 
measuring  microscope.  The  contraction  of  the  con- 
crete per  lineal  foot  was  arrived  at  by  obtaining  the 
total  width  of  all  the  transverse  cracks  in  a  section  in 
feet  for  a  certain  concrete  temperature,  dividing  this 
figure  by  the  effective  length  of  the  slab,  i.  e.,  the  dis- 
tance in  feet  between  the  extreme  cracks,  plus  one-half 
the  distances  from  the  extreme  cracks  to  the  ends  of 
the  section. 

Plain  concrete  and  that  in  which  plain  bars,  painted 
and  greased,  were  used  showed  a  higher  contraction 
per  lineal  foot  than  sections  in  which  continuous  steel 
bars  of  different  sizes  in  high  bond  were  used. 

It  appears  from  the  data  that  /4-inch  smooth  bars 
painted  and  greased  have  less  effect  on  the  contraction 
of  the  concrete  than  do  an  equal  number  of  }4-inch  de- 
formed bars  in  good  bond.  This  is  a  matter  of  interest 
to  those  who  use  this  type  of  "continuous  dowel"  in 
their  designs. 

It  is  also  interesting  to  note  that,  so  far  as  the  data 
may  be  compared,  it  is  indicated  that  equal  percentages 
of  longitudinal  steel,  whether  in  the  form  of  welded 
fabric  or  deformed  bars,  produce,  equal  effects  on  the 
contraction  of  the  concrete.  The  23.()-pound  fabric 
(sec.  18)  shows  an  effect  less  than  that  of  /g-inch  de- 
formed bars  (sec.  9)  but  greater  than  that  of  ^i-inch 
deformed  bars  (sec.  8),  which  corresponds  to  the  relation 

(Continued  on  p.  228) 


NEED  FOR  SIMPLIFICATION   OF  SIZES  IN   SAND  AND 

GRAVEL  INDUSTRY' 

By  F.  H.  JACKSON,  Senior  Engineer  of  Tests,  Division  of  Tests,  United  Stales  Bureau  of  Public  Roads 


FOR  many  years  engineers  and  aggregate  producers 
have  discussed  "standardization"  of  specifications 
for  aggregate  sizes  and  have  even  gone  so  far  as  to 
pro])ose  a  series  of  so-called  standard  sizes  which  were 
adopted  as  tentative  a  number  of  years  ago  by  the 
American  Society  for  Testing  Materials.  It  now  ap- 
pears that  possibly  our  efforts  in  tliis  direction  have 
been  largely  misdirected  because  we  have  been  en- 
deavoring to  establish  definite  specifications  for  a  single 
series  of  standard  sizes  for  materials  which  occur  in 
nature  in  widely  different  sizes  and  gradings.  From 
the  point  of  view  of  the  engineer  there  appears  to  be  no 
reason  why  absolute  standardization  shoidd  be  affccteci 
throughout  the  United  States.  The  producer  of  gravel 
in  the  Detroit  region  is  not  interested  in  specifications 
drawn  by  the  cities  of  Boston  or  San  Francisco.  He  is, 
however,  vitally  interested  not  only  in  the  specifications 
which  may  be  drawn  by  the  city  of  Detroit  but  also  in 
those  which  may  be  prepared  by  all  other  users  of  gravel 
in  the  territory  which  he  serves.  Furthermore,  the 
multiplicity  of  sizes  which  may  be  required  by  users 
within  liis  territory  is  just  as  confusing  and  works  just 
as  great  a  hardship  upon  him  as  any  similar  situation 
in  the  larger  national  field. 

REDUCTION  OF  iNUMBER  OF  AGGREGATE  SIZES  REQiriRED  IN  DIF- 
FERENT AREAS  DESIRABLE 

The  outstanding  need  in  the  way  of  simplification  of 
sizes  of  aggregates  is  the  reduction  of  the  number  of 
different  sizes  demanded  of  the  producer  in  each  of  the 
major  centers  of  production  and  distribution.  The 
producer  of  sand  and  gravel,  while  a  manufacturer  in  a 
certain  sense,  is  not  a  manufacturer  in  the  same  sense 
as  the  producer  of  such  products  as  paving  brick.  In 
the  production  of  paving  brick  the  size  to  be  manufac- 
tured is  directly  under  the  control  of  the  manufacturer 
and  is  not  influenced  by  the  character  of  the  raw  mate- 
rial. The  same  is  true  of  most  manufactured  products. 
With  sand  and  gravel,  however,  the  producer  is  faced 
with  the  necessity  of  utilizing  the  material  which  nature 
has  furnished  to  the  best  advantage.  The  sizes  and 
gradings  of  the  finished  products  which  can  be  economi- 
cally supplied  are  influenced  to  a  marked  degree  by  the 
size  and  grading  of  the  pit  run  material.  The  producer 
can  not  supply  material  with  a  2-inch  maximum  size 
when  the  largest  gravel  in  his  pit  is  1  inch.  Neither 
can  he  economically  supply  an  aggregate  complying 
with  a  specification  which  calls  for  a  preponderance  of 
the  larger  sizes  when  to  do  so  would  mean  the  wasting 
of  large  quantities  of  the  smaller  sizes.  Specifications 
for  sand  and  gravel  in  any  given  region  are  of  necessity 
dependent  upn  the  character  of  the  materials  available 
in  that  region  which  of  course  means  that  specifications 
for  materials  for  the  same  use  in  different  sections  of 
the  country  may  and  probably  should  be  quite  different. 


'  Presented  at  the  annual  meeting 
Memphis,  Tenn.,  Jan.  29,  1930. 
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of  tile  National  Sand  and  Gravel  Association, 


Too  many  specifications  are  written  in  rule  of  thumb 
fashion  without  regard  to  the  most  economical  use  of 
the  available  material.  Engineers  are  slow  to  recog- 
nize that  the  exact  limiting  sizes  or  exact  range  in  sizes 
for  a  given  product  are  not  nearly  so  important  as  is 
the  question  of  uniformity  of  successive  shipments  of  the 
particular  size  and  grading  specified.  This  is  par- 
ticularly true  where  the  aggregate  is  to  be  used  in  de- 
signed mixes  of  Portland  cement  concrete  as  opposed  to 
the  method  of  designating  arbitrary  proportions.  The 
engineer  should  be  able  to  design  a  mixture  of  the 
rec^uired  quality  with  any  given  aggregates  regardless 
of  the  exact  grading  of  the  aggreg'ates  furnished.  He 
should,  however,  have  assurance  that  aggregates  of  the 
size  and  grading  from  which  he  established  his  design 
can  and  will  be  furnished  on  the  job  from  start  to  finish. 
The  same  is  true  of  other  uses  of  sand  and  gravel. 

Uniformity  is  far  more  important  than  adherence  to 
some  arbitrary  size  limit  and  simplification  by  reduc- 
tion of  the  number  of  sizes  required  within  a  given 
territory  will  unquestionably  facilitate  compliance  with 
requirements  for  uniformity.  The  producer,  having  to 
manufacture  and  stock  only  a  few  distinct  grades 
instead  of  many  grades  differing  only  slightly  in  size, 
is  in  a  much  better  position  to  make  uniform  and 
mutually  satisfactory  deliveries  on  any  given  project. 
Aggregate  producers  are  willing  and  anxious  to  com- 
ply with  the  specifications  and  it  is  obvious  that  the 
task  will  be  greatly  simplified  if  there  is  only  one 
instead  of  a  dozen  specifications  to  meet  for  a  given 
use. 

On  the  other  hand,  the  engineer  is  responsible  for 
the  quality  of  construction  and  he  must  be  convinced 
that  the  size  which  he  will  be  required  to  use  under  a 
simplification  program  will  be  as  satisfactory  as  the 
sizes  which  he  has  been  using.  Simplification  should  be 
a  matter  of  joint  effort  between  producer  and  consumer. 

ADOPTION  OF  SERIES  OF  NOMINAL  SIZE  LIMITS  PRACTICABLE 

For  the  above  reasons  it  is  believed  that  national 
standardization  of  specifications  for  sand  and  gravel  is 
neither  necessary  nor  desirable.  However,  there  is  good 
reason  for  the  simplification  by  reduction  of  the  un- 
necessarily large  number  of  sizes  now  specified  in  the 
various  production  regions.  It  will  also  be  helpful  to 
adopt  a  series  of  nominal  size  limits  covering  the  major 
uses  of  sand  and  gravel,  such  as  has  been  recommended 
by  the  committee  on  standards  of  the  National  Sand 
and  Gravel  Association.  Since  these  are  merely  nomi- 
nal maximum  and  minimum  size  limits  they  would  in 
no  sense  be  considered  as  specifications  but. would  be 
subject  to  further  definition  by  the  insertion  of  suitable 
intermediate  size  requirements,  tolerances,  etc.,  to  meet 
local  conditions. 

As  the  first  step  in  the  simplification  program,  the 
suggested  size  limits  could  be  used  as  a  frame  upon 
which  to  build  the  simplified  specification  requirements 
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best  suited  to  each  production  district.  The  adoption 
of  actual  specification  limits  would,  of  course,  be  a 
matter  of  joint  action  by  producer  and  consumer  in 
each  case  and  this  would  have  to  be  accomplished  before 
any  real  benefits  from  simplification  would  accrue  to 
either  producer  or  consumer.  A  paper  presented  before 
the  meeting  of  the  American  Concrete  Institute  -  de- 
scribes efforts  made  along  this  line  in  the  Detroit  area 
and  illustrates  a  type  of  joint  effort  which  should  accom- 
plish results.  It  is  understood  that  similar  efforts  are 
being  made  in  the  Pittsburgh  and  other  districts. 

With  regard  to  the  recommendation  made  by  the 
standards  committee  of  the  National  Sand  and  Gravel 
Association  for  limiting  sizes  for  standard  grades  of 
sand  and  gravel,  it  is  desired  to  make  a  few  comments. 
Two  grades  of  sand  and  five  grades  of  gravel  have  been 
recommended,  as  shown  in  Table  1. 

Table  1. — Recommcndalions  of  sluiidards  commiilee  of  National 
Sand  and  Gravel  Assodation  for  commercial  sizes  of  sand  and 
gravel 

SAND 


Commercial  sizes 

Square  sieves 

Round  screens 

Typical  uses 

itto  No.  S 

Sheet  asphalt,  bituminous  concrete,  plaster 

U  to  ?8  inch 

0  to  Jio  incli 

mortar,  grout,  etc. 
Concrete,  etc. 

GR.WEL 


No. 

4  to  K>  incli 

H  to  5s  inch 

Thin  concrete  sections,  concrete  building 
units,  bituminous  surface  treatment,  etc. 

No. 

4  to  94  inch 

H  to  ''/i  inch 

Light    reinforced    concrete    construction, 
maintenance  gravel  roads,  etc. 

No 

4  to  1  inch 

U  to  IH  indies — 

General  use  as  concrete  aggregate. 

No. 

4  to  IH  inches. 

}i  to  2  inches 

Concrete  highway  construction  and  general 
concrete  work. 

No 

4  to  2  inches-.. 

Vi  to  2'/!  inches 

IConcrete  highway  construction  and  heavy 
J    reinforced  concrete  work. 

No. 

4  to  iVz  inches. 

'A  to  3  inches 

The  various  size  limits  in  Table  1  have  been  given  in 
terms  of  both  square-mesh  sieves  and  round-hole 
screens.  Reference  to  both  types  is  necessary,  as  a 
single  standard  method  of  measuring  size  of  coarse 
aggregates  has  not  yet  been  agreed  on. 

It  is  believed  that  the  /s-inch  maximum  size  for  sand 
for  concrete  is  somewhat  high  and  is  not  in  proper 
relation  to  the  minimum  size  of  gravel  which  is  given  in 
all  cases  as  the  No.  4  screen.  The  %-inch  square-mesh 
sieve  has  a  round  hole  equivalent  of  about  seven-six- 
teenths inch  or  almost  one-half  inch,  which  is  larger 
than  the  usual  limit  for  concrete  sand. 

Another  comment  is  in  regard  to  the  method  of  desig- 
nating all  material  from  the  No.  4  sieve  to  the  maximum 
size,  say  2  inches  as  a  single  size.  It  is  recognized  that 
in  many  plants  the  gravel  is  not  screened  into  several 
primary  sizes  while  in  others,  particularly  in  many  of 
the  larger  plants,  this  practice  is  followed.  The  other 
method  of  size  designation  is  preferred;  that  is,  each  pri- 
mary separation  is  considered  as  a  primary  size  and  com- 
binations of  them  are  considered  as  combination  sizes. 
In  other  words,  the  primary  gravel  sizes  would  then  be : 

No.  4  sieve  to  }o  inch. 
ji  inch  to  %  inch. 
%  inch  to  1  inch. 

1  inch  to  Iji  inches. 
VA  inches  to  2  inches. 

2  inches  to  2%  inches. 

!  Williams,  L.  E.,  Confusion  of  .Specifications  for  .Aggregates.  Proceedings  .Amer- 
ican Concrete  Institute,  vol.  25,  1929,  pp.  642-650. 


PROPOSED  PLAN  WILL  FACILITATE  SHIPPING   OF  AGGREGATE  IN 
SEPARATED  SIZES 

It  would  not  be  necessary  for  every  gravel  producer 
to  screen  his  product  into  these  five  separate  ])roducts. 
A  specification  could  still  rctjuire,  for  example,  No.  4 
sieve  to  Iji  inches  with  suitable  intermediate  require- 
ments, tolerances,  etc.  Such  a  specification  would 
simply  mean  that  the  specified  material  includes  four 
of  the  primary  sizes.  Whether  the  material  is  made  u]) 
of  the  four  sizes  previously  screened  and  then  blended 
to  conform  to  the  specification  or  whether  only  two 
sizes  have  been  originally  made,  say  No.  4  sieve  to  % 
inch  and  %  inch  to  1%  inches  is  a  matter  of  local  control. 
The  material  might  be  produced  without  any  separa- 
tions whatever  between  the  upper  and  lower  limits 
provided  it  is  possible  to  do  so  and  still  meet  the  spec- 
ifications. 

Designating  the  primary  separations  in  the  manner 
indicated  above,  has  one  obvious  advantage.  It  makes 
possible,  under  favorable  circumstances,  the  shipping  of 
gravel  to  the  job  in  two  or  more  separated  sizes.  In 
such  a  case,  the  engineer  specifies  the  number  of  tons 
of  each  size  desired  and  the  producer  ships  each  size 
separately.  It  is  believed  that  the  time  is  not  far  dis- 
tant when  engineers  will  realize  the  advantages  in  the 
way  of  increased  uniformity  to  be  gained  by  batching 
the  coarse  aggregate  in  more  than  one  size.  It  is  prac- 
tically a  physical  impossibility  to  handle  a  shipment  of 
coarse  aggregate  in  which  the  size  ranges  froni  No.  4 
to,  say,  iK-inch  square  mesh  without  segregation,  it 
is  believed  that  we  will  eventually  discard  the  present 
unscientific  and  haphazard  method  of  handling  coarse 
aggregate  in  favor  of  a  method  which  will  insure  that 
every  batch  of  concrete  will  be  like  every  other  batch. 
Nothing  will  contribute  more  to  this  end  than  the  ado])- 
tion  of  this  practice  in  handling  aggregates. 

Let  us  look  into  the  matter  from  the  producer's 
standpoint.  What  change  in  present  manufacturing 
and  distribiiting  practice  would  be  involved?  In  the 
first  place,  how  many  important  gravel  plants  handle 
material  running  up  to,  say  2  inches  in  size,  which  do 
not  make  at  least  one  intermediate  separation  at  either 
three-fourths  inch  or  1  inch?  In  the  large  producing 
centers  the  demand  for  most  if  not  all  of  the  sizes  listed 
by  the  committee  is  sufficient  to  require  the  installation 
of  screens  for  each  maximum  size  specified.  However, 
in  many  plants,  instead  of  separating  the  product  into 
a  number  of  primary  sizes,  and  then  recombining  them, 
gravel  of  any  desired  maximum  size  is  obtained  by 
screening  out  the  oversize  gravel,  which  is  either  crushed 
or  wasted  as  local  conditions  dictate.  Most  of  the  large 
gravel  plants  have  more  or  less  complicated  combina- 
tions of  screens,  bins,  and  chutes  arranged  and  added 
to  from  time  to  time  in  an  effort  to  manufacture  graded 
products  to  meet  definite  specification  requirements. 
In  some  plants  these  installations  are  so  complicated 
that  it  is  diflficult  for  anyone  but  the  plant  superin- 
tendent to  understand  them.  Even  though  these  ar- 
rangements may  be  so  designed  as  to  blend  sizes  per- 
fectly in  the  bin  oi-  in  the  car,  segregation  in  hiindling 
will  frequently  undo  the  work.  It  seems  dcsii'able  to 
adopt  the  rational  and  simple  method  of  screening  the 
product  into  the  number  of  priniary  sizes  dictated  by 
the  character  of  the  material  and  the  demand  and 
avoid  all  this  trouble.  Such  a  plan  will  require  a  radi- 
cal change  in  construction  practice  and  it  will  be  neces- 
sary to  convince  both  the  engineer  and  the  producer  as 
to  its  desirability. 
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SIMPLIFICATION  ATTAINABLE  ONLY  THROUGH  COOPERATION  OF 
PRODUCER  AND  CONSUMER 

The  matter  of  separated  sizes  though  related  in  a 
general  way  to  the  subject  under  discussion,  is  not  the 
question  of  primary  interest.  The  question  of  imme- 
diate concern  is  how  to  reduce  the  number  of  sizes  of 
sand  and  gravel  which  commercial  producers  are  now 
required  to  produce  and  stock.  As  has  been  stated, 
acceptance  of  the  recommended  nominal  standard 
sizes  by  the  industry  and  the  user  appears  to  be  the 
first  step.  The  Division  of  Simplified  Practice  of  the 
Department  of  Commerce  is  admirably  equipped  to 
cooperate  with  the  industry  in  carrying  forward  this 
part  of  the  program.  However,  acceptance  of  these 
limiting  sizes  will  not  relieve  the  producer  who  is 
harassed  with  a  number  of  specifications  differing  as 
to  intermediate  size  requii'ements  even  though  the 
upper  and  lower  limits  may  be  the  same.  The  specifica- 
tions of  the  various  users  for  any  aggregate  for  a  given 
purpose  must  be  the  same  in  any  given  production 
region  before  the  problem  is  solved. 

Regional  committees  made  up  of  representatives  of 
both  the  producers  and  the  consumers  should  be  formed 
for  this  purpose.  In  this  work  the  producer  should 
take  the  initiative.  He  is,  as  a  rule,  better  organized 
than  the  consumer.  His  interests  in  the  matter  are 
also  more  obvious  though  perhaps  not  more  real  than 
those  of  the  consumer.  The  regions  or  areas  into  which 
this  phase  of  the  simplification  program  would  be 
divided  would  correspond  obviously  to  the  centers  of 
greatest  commercial  activity;  that  is,  the  regions  within 
shipping  radius  of  the  large  centers  of  population.  We 
have  already  noted  activity  of  this  sort  under  way  in 
at  least  two  such  areas — Detroit  and  Pittsburgh.  It 
can  be  extended  to  other  areas  where  similar  problems 
have  arisen.  The  national  association,  through  its 
representative  members  in  these  regions,  is  the  logical 
organization  to  initiate  the  program. 

The  Bureau  of  Public  Roads  is  thoroughly  in  sym- 
pathy with  the  simplification  of  sizes  and  varieties  of 
the  various  manufactured  products  used  in  the  con- 
struction of  roads.  The  recommendations  of  the  Divi- 
sion of  Simplified  Practice  in  the  matter  of  grades  of 
asphalt  and  varieties  and  sizes  of  paving  brick  have 
been  widely  followed  by  both  the  industries  involved 
and  the  user  and  there  is  every  reason  to  believe  that 


similar  success  will  attend  the  efforts  which  the  National 
Sand  and  Gravel  Association  is  about  to  initiate  in  the 
matter  of  simplification  of  sizes  of  sand  and  gravel. 
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between  their  areas.  The  43.8-pound  fabric  (sec.  17) 
appears  to  have  about  the  same  effect  as  /g-inch  de- 
formed bars  and  their  unit  sectional  areas  are  approxi- 
mately the  same. 

GENERAL  INDICATIONS  PRESENTED 

In  summarizing  what  seem  to  be  the  most  important 
indications  of  the  data  obtained  from  this  investigation 
no  attempt  is  made  to  establish  the  relative  merits  of 
the  various  curing  materials  used.  It  is  believed  that 
the  evidence  obtained  is  neither  sufficiently  compre- 
hensive nor  sufficiently  conclusive  for  such  a  purpose. 
However,  there  are  indications  which  seem  quite  clear 
and  these  are  presented  below. 

1 .  Careful  attention  to  curing  improves  the  quality  of 
the  concrete  both  from  the  standpomt  of  strength  and 
that  of  surface  appearance. 

2.  Any  curing  method,  to  be  effective,  must  com- 
mence as  soon  as  the  concrete  surface  is  finished. 

3.  All  things  considered,  the  wet  burlap-wet  earth 
curing  method  used  in  these  tests  was  more  effective 
than  any  of  the  other  methods  used. 

4.  The  immediate  application  of  wet  burlap  largely 
prevented  the  surface  checking  so  prevalent  in  those 
slabs  where  the  curing  was  delayed. 

5.  Under  adverse  conditions  concrete  may  lose  as 
much  as  40  to  45  per  cent  of  the  original  mixing  water 
during  the  first  few  weeks  after  placing  and,  more  im- 
portant, under  these  conditions  as  much  as  75  per  cent 
of  this  loss  may  occur  during  the  first  24  hours. 

6.  The  application  of  a  black  surface  to  concrete  slabs 
causes  greater  temperature  variations  and  consequent 
volume  changes  to  take  place  than  would  otherwise  be 
the  case  and  under  certain  conditions  this  may  result 
in  an  abnormal  amount  of  transverse  cracking. 

7.  The  use  of  transverse  joints  which  will  allow  free 
longitudinal  movement  of  the  slab  ends  is  of  material 
benefit  for  the  control  of  transverse  cracking. 

8.  The  method  used  for  curing  a  concrete  pavement 
may  affect  its  surface  hardness. 

9.  Increasing  the  percentage  of  continuous  longitu- 
dinal reinforcing  steel  decreases  the  average  slab  length. 
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